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ABSTRACT 
An investigation was undertaken to determine if gypsum could be used 
as an addition agent in a .fusion process for the manufacture of phosphatic 
fertilizer. 
A small laboratory furnace was constructed of insulating firebrick 
for the fusion of various mixtures of phosphate rock and gypsum. After 
fusion, the melts were quenched in a water spray. The resulting product 
was dried, ground and analyzed. 
The most favorable fused product resulted from, the fusion and 
subsequent quenching of a mixture containing 7 parts dehydrated gypsum 
and 3 parts phosphate rock. This product contained 10.5 per cent total 
P205, 10.4 per cent PgO^  soluble in 2 per cent citric acid, 33*° per cent 
SOj and 1.13 per cent fluorine. It was basic in character, white in color, 
nonhygroscopic and easily ground. The product was subsequently leached 
with water and the resulting solid material contained 14.1 per cent PgO^  
soluble in 2 per cent citric acid. No loss of P20^  occurred during leaching. 
It was found that the addition of certain other materials, namely, 
glaserite, langbeinite, KC1 and KgSO^ , with the gypsum had no beneficial 
effect on the product obtained. However, it was found that MgSOj^  was 
beneficial and that if Mg50^  was used without addition of gypsum a product 
containing 21 per cent soluble PgO^  could be obtained. 
As a result of the promising laboratory studies, a pilot plant was 
constructed and operated at a rate of 75 pounds per hour. The fusion 
furnace was a horizontal gas fired furnace lined with an alumina-silica 
refractory having a pyrometric cone equivalent of Jl. Corrosion of the 
V 
refractory was controlled, by cooling the hearth shell with a stream of 
water. It was found that chrome refractories were no more satisfactory 
in regard to corrosion than were the ordinary fire clay refractories. The 
furnace was operated at a temperature range of 2400 to 2500°Fe which pro­
duced a very fluid molten product. The quenched product was white in color, 
chalky in appearance, and granular. It contained 11 per cent citric acid 
soluble PgO^  and 11.6 per cent total PgOy 
A fixed capital cost was made which indicated that a plant producing 
200 tons per day of either 0-11-0 or 0-9-0 fertilizer could be constructed 
for approximately $400,000. The working capital investment was estimated 
to be $100,000. It was also estimated that the 0-11-0 product could be 
produced, using mineral gypsum, for $13.70 at a plant located in Fort Dodge, 
Iowa. The 0-9-0 product was estimated to cost $10.10 per ton at Joplin, 
Missouri using by-product gypsum at no cost. Assuming a selling price of 
$1.36 per unit of PgO^ , a return on total investment of 8.35 per cent could 
be expected on the 0-9-0 plant and a return of 2.85 per cent could be 
expected on the 0-11-0 plant. 
X-ray diffraction analysis of the product indicated a slightly expanded 
apatite structure together with the anhydrite structure. It is suggested 
that the solubility of the P^ O^  in the product resulted from the bond 
weakening effect of a dissolution of calcium sulfate in the apatite struc­
ture and a substitution of S0^  groups for P0^  groups in the apatite lattice. 
The resulting soluble phosphate containing phase is proposed to be 
Cai0F2(P0|J,)6,6CaS021,'xCa0f where x is equal to or less than nine. 
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INTRODUCTION 
In the last fifteen years fertilizer production in the United States 
has more than doubled and has become one of the leading chemical industries. 
In fact, in 1955 the production of the three most important fertilizer 
materials, nitrogen, potash, and phosphoric oxide was over six million 
tons^ " (30) and their processing consumed over one-third of the sulfuric 
acid production of the United States. This represents ever five million 
tons of HgSO^ ; the major portion of which was used in the manufacture of 
phosphatic fertilizers. 
Of the approximately 23 elements which are necessary to support plant 
life, nitrogen, phosphorus and potassium are needed in the largest amounts 
by most plants. They are called the primary nutrients. The other nutrients 
are generally plentiful in most soils and are usually needed in only small 
amounts. They are, however, very necessary to plant growth. These 
secondary nutrients include sulfur, calcium, magnesium, sodium, chlorine, 
silicon, iron, aluminum, manganese, copper, zinc, boron, molybdenum, carbon, 
cobalt, nickel, beryllium, lithium, chromium, and vanadium. 
Of the primary nutrients, only potassium occurs widely in nature in 
foras suitable for direct use as fertilizer. It occurs as potassium 
chloride in the mineral sylvite, and as potassium sulfate in the minerals 
langbeinite (KgSO^ 'ZMgSO^ ) and polyhalite 20830^ *2^ 0). Other 
soluble minerals of lesser importance, as well as a few insoluble potassium 
minerals, are also known (12). 
T^hese three nutrients are reported on the basis of tons of N, KgO, 
and P%(y. 
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Recent advancements in nitrogen fixation processes have produced an 
abundance of inexpensive ammonia and ammonia derivatives suitable for 
fertilizer materials. Improvements are possible in the manufacture of the 
various nitrogen compounds but a greater need exists for improvements in 
the processes producing phosphate materials because of the rather drastic 
measures necessary to render phosphate minerals suitable for plant food. 
Large deposits of phosphorus as calcium apatite occur throughout the 
world. They are usually found as the fluorapatite, Ca^ oF2(P%)5, but also 
occur as the hydroxy-apatite, Ca^ gCOH^ CPO^ )^ . The most important deposits 
of this material in the United States are in Florida, Montana and Idaho. 
These deposits contain from 20 to 35 per cent PgO^  (25). 
The apatite structure is extremely stable and the phosphorus is not 
readily available^  as a plant nutrient. It is for this reason that the 
phosphates in general must be treated in some fashion before they can be 
effectively applied to the soil. The most widely used treatment consists 
of acidulating the phosphate rock with some mineral acid, the most common 
being sulfùric. The reaction is represented by the following equation: 
Ca10F2(P04)6 + ? + 17 HgO = 3 CaH^ PO^ -Ï^ O + 7 CaSO^ -2 HgO + 2 HF 
4he availability of phosphorus to plants can be determined in the 
laboratory by three tests, namely, solubility in water, solubility in a 
neutral ammonium citrate solution and solubility in 2 per cent citric acid. 
The first two tests are used and recommended by the Association of Official 
Agricultural Chemists (2) for the evaluation of supezphosphate, triple 
superphosphate and mixed fertilizers. The phosphorus solubility in 2 per 
cent citric acid has been used to evaluate basic slag fertilizers as well 
as other thermal phosphates (31). 
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The phosphorus containing compound resulting from this reaction is mono-
calcium phosphate and the product is known in the trade as superphosphate. 
The pro diet contains from 15 to 20 per cent PgOy When phosphoric acid is 
used the product is known as triple superphosphate and the reaction is 
represented as follows: 
Ga10F2(P04>6 + ^  + 10 H20 = 10 CaH4(P04)2-H20 + 2 HF 
This product contains approximately 45 per cent PgO^ . Ordinary and triple 
superphosphate accounted for 92 per cent of all phosphate fertilizer ma­
terials manufactured in 1956 (30). A disadvantage of these two processes 
is that they require large amounts of expensive and corrosive acid. 
Other treatments involve high temperature processing of phosphate rock. 
One process (21) destroys the apatite structure and removes the fluorine by 
fusion of the phosphate with silica in the presence of water vapor. The 
melt, principally tricalcium phosphate, is quenched in water and the P^ O^  
in the resulting product is soluble in a neutral ammonium citrate solution. 
Several processes have been developed using the addition of alkali salts in 
a sintering operation. Such processes are used extensively in Europe. 
Other processes involve a fusion of rock phosphate with magnesium silicate, 
langbeinite and other materials. 
The work presented in this thesis was directed toward the fusion of 
phosphate rock with additive agents. The following objectives were set 
forth: 
1. To develop a fusion process using Iowa gypsum as an addition 
agent. 
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2. To determine if this product could be made at temperatures 
attainable in a gas fired furnace. 
3. To prove such a process through the pilot plant stage. 
4. To study by X-ray techniques the structure of fused phosphate 
products and its relation to the suitability of the products 
for fertilizer materials. 
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LITERATURE SURVEY 
Many fertilizer process developments using thermal treatment of 
phosphate rock have been made in the last 5° years. The most important 
of these are the calcination or fusion of phosphate rock with or without 
addition agents. 
Calcination processes have been the most widely used and studied in 
the laboratory. Most of these processes utilize soda ash or potash in 
addition to silica as addition agents. One process is known as the 
Rhenania process (19, 36). This process has been used in Germany in a 
converted cement plant which produced 100,000 tons of phosphate fertilizer 
per year. In this process a mixture of silica and raw phosphate rock is 
ground to minus 180 mesh and one part soda ash is added for every four 
parts phosphate rock present. Silica is present in sufficient quantity 
to give a final mixture containing 10 per cent silica. The moisture 
content is made up to 10 per cent and the material is fed to a rotary kiln 
and heated for 2 hours at 1100 to 1200°C. The product is quenched in 
water just before it leaves the kiln. It is dried and ground and contains 
28 per cent citric acid soluble PgOy The soluble product is reported (36) 
to be NagO^ aO'PgO^ . 
A recent development by Bekturov and Timofeeva (3) describes a process 
in which phosphorite (26.3 per cent PgO^ ) was sintered with pure potassium 
sulfate and charcoal. The most favorable formulation was 100 parts phospho­
rite, 50 parts potassium sulfate and 25 parts charcoal. This mixture was 
sintered for 30 minutes at 1100°C. in a water atmosphere and gave a product 
containing 23.I per cent citric acid soluble P20^  and 16.1 per cent KgO. 
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The soluble compound was reported to be CaKPO^ . Sourdet (45) has patented 
a process which uses potassium carbonate. In this process 100 parts of 
phosphate rock, 18 parts of silica and 63 parts of potassium carbonate 
were heated at 1150 to 1200°C. for 3 hours. The product was ground to 
minus 100 mesh, mixed with calcium oxide and extracted with water for the 
recovery of the potash. Ninety-five per cent of the phosphate present was 
soluble in 2 per cent citric acid. 
The calcination processes generally require large quantities of expen­
sive alkali salts. In addition, the physical operation of the kilns is 
critical because the partially ftised product must be discharged at just the 
right consistency. Such processes have not been used commercially in the 
United States. 
Fusion processes vary widely in intent and operation. There are 
patents on fusion processes as early as 1903 (51) and 1912 (15). These 
and other early fusion processes have been reviewed extensively by Boylan 
(4). 
Fusion processes studied and developed in the last two decades can be 
divided into two groups; those which result in the defluorination of the 
phosphate rock and those which do not rely on defluorination but on the 
action of some addition agent. 
In a series of studies Marshall et al. (34, 35) and Reynolds et al. 
(42, 43, 44) found that the volatilization of fluorine from phosphate rock 
by calcination in the presence of water vapor gave a product with high 
?2®5 availability. Ninety-five per cent of the fluorine was removed by 
heating rock phosphate containing 4 to 12 per cent silica for JO minutes 
at 1400°C. in the presence of water vapor. Curtis et al. (10) and Elmore 
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et al. (14) studied the defluorination of rock phosphate by fusion with 
silica in the presence of steam. Their studies showed that defluorination 
increased as fluidity of the melt increased, increased as water vapor content 
increased, and increased as the velocity of the furnace gas increased. De­
fluorination by calcination has been carried on commercially by the Coronet 
Phosphate Company in their plant in Plant City, Florida (50) and defluorin­
ation by fusion has been carried out in vertical fuel fired shaft furnaces 
by the Tennessee Valley Authority (21). 
A process for the production of calcium metaphosphate, Ca(PO^ )2, a 
product containing 64 per cent P^ O^ , has been developed at the Tennessee 
Valley Authority (8). This process involved burning elemental phosphorus 
in the presence of phosphate rock dust, silica, and phosphate rock lumps. 
Most of the fluorine was removed. The resulting melt was quenched on a 
cooling drum. The product contained 48 per cent citrate soluble P^ O^ . 
Recent work on fusion of phosphate rock without deliberate removal 
of fluorine has followed the work of Walthall and Bridger in 1943 (49). 
They produced a fertilizer material that had high PgO^  availability but 
contained two-thirds of the original fluorine. In this process rock 
phosphate was fused with a magnesium silicate mineral, called olivine, in 
an arc furnace at 2600°C. to 2800°C. and the resulting melt was quenched 
in water. The optimum fusion mixture contained 0.46 parts olivine and 
1.00 part phosphate rock and gave a product containing 21.4 per cent citrate 
soluble PgOjj. This work was confirmed by Hebner (20) and Greaves (l6) at 
the University of Washington under the sponsorship of Manganese Products, 
Inc. As a result of this research a commercial plant was constructed and 
operated for a time but at present is inactive. This plant was described 
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by Moulton (38). 
Because of the high tenperatures required, elivine-phcqphate fusions 
were carried out in electric furnaces. Davy (11) showed that the fusion 
could be carried out in a gas fired shaft furnace. However, in order to 
get a satisfactory melt using the gas fired furnace, it was necessary to 
increase the olivine content to 0.82 parts for 1.00 part rock. This 
resulted in a product with a lower PgOg content. 
By far the most interest in fused magnesium phosphate fertilizers is 
in the Ear East, mainly in Japan (28, 37, 39» 40, 52, 53)* Studies have 
been made there on a small scale on many different phosphate rocks and 
many different magnesium bearing minerals, such as serpentine and olivine. 
Quartz and potassium liparite were also used as fluxes. Studies were made 
using mixtures containing 50 to 60 parts phosphate rock, 30 to 40 parts 
serpentine and 5 to 10 parts liparite. The mixtures were melted at 1300 
to 1500°C. and held there for 3° to 45 minutes before being quenched in 
water. In the dried and ground products of the optimum coreposition, 
availabilities of greater than 90 per cent were obtained. These studies 
showed no effect of ferric oxide or fluorine content on PgOg solubility. 
Similar work has been done in Taiwan (23, 24) and with dolomite and green-
sand as addition agents in New Zealand (9). 
In the fusion investigations already discussed some mineral containing 
magnesium silicate was required as an addition agent. Boylan (4) found 
that magnesium sulfate was also effective as an addition agent. He produced 
a fertilizer which contained 14 per cent citric acid soluble PgOg as well 
as 11 per cent potash by using the mineral langbeinite (KgSO^ 'ZMgSO^ ) as an 
addition agent. He used a vertical, gas fired shaft furnace, and quenched 
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the molten product in a water spray. The optimum fusion mixture contained 
white, granular, nonhygroscopie and easily ground. 
Qypsum has been used only rarely as an addition agent in the reported 
thermal treatments of phosphate rock. Harlow (1?) reported in 1918 that a 
mixture of gypsum and phosphate rock, calcined at 2000°F. in a muffle furnace, 
gave a product with about the same citric acid solubility as uncalcined rock 
alone. It was better than the solubility of in rock which was calcined 
alone, however. Jayaraman and Krlshnaswand (26) utilized very small amounts 
of gypsum in a calcination process at 1200°C. However, the principle addi­
tion agents were silica and feldspar. 
Stinson and Munna (47) produced a phosphate slag containing 9.6 per 
cent citric acid soluble PgO^  in studies undertaken to recover sulfur 
dioxide from by-product gypsum obtained, in the manufacture of phosphoric 
acid. The furnace charge was a mixture of silica, gypsum and phosphate 
rock. The analyses of the furnace charge and the quenched product were 
reported as follows Î 
70 per cent langbsinita and 30 per cent phosphate rock and the product was 
Per cent (dry basis) 
Furnace charge 
6.5 
Product 
Total PgO^  
Available PgOg 
S 
9.8 
9.6 
13.0 
30.6 
23.0 
1.1 
CaO 43.9 
Si02 
F 
37.1 
0.7 0.19 
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The lUsion mixture was agglomerated to pellets one-half inch in size, 
melted in the furnace at 1370°C. and tapped to the quench trough every 40 
minutes. Greenhouse tests showed that the material was very satisfactory 
as a fertilizer material. 
Thermal phosphates, either calcined or fused, do not in general contain 
water soluble phosphate. The phosphate solubility in these materials is 
reported either as its solubility in neutral ammonium citrate or as its 
solubility in 2 per cent citric acid. Both of these criteria have proven 
satisfactory when evaluated against pot tests. Various investigators 
(22, 27, 46, 48) have found that plant response to thermal phosphates 
evaluated in this manner was as good as and in some cases superior to plant 
response to superphosphate when applied to certain soils. However, they 
generally agree that the material is best suited to acid soils and must be 
ground to minus 60 mesh to have its maximum effectiveness. Water soluble 
phosphates are generally desired when the quick response of starter ferti­
lizer is required, but Bridger (7) recently stated than on soils of low 
anion exchange capacity, water insoluble phosphates were superior because 
of their resistance to leaching. 
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LABORATORY INVESTIGATION 
The fact that certain alkali and alkaline earth sulfates were instru­
mental in the processing of some thermal phosphates suggested that perhaps 
gyp stun could be utilized as an addition agent. Qypsum is plentiful in all 
parts of the world and in Iowa large deposits occur near Fort Dodge, Center-
ville, and Ottumwa. Qypsum is also used frequently as a soil conditioner 
and fertilizer material by itself and in California approximately 600,000 
tons of gypsum are spread on the soil each year for the sulfur content. 
A study was therefore undertaken to determine if gypsum could be used alone 
or in conjunction with some other material as an addition agent in the 
production of a thermal phosphate. 
A small gas fired laboratory furnace was used to determine the com­
positions , methods and conditions necessary for the production of fused 
phosphate fertilizer using Florida land pebble rock, Iowa grpsuro, glaserite 
and other addition agents. For these studies gypsum was considered the 
principle addition agent and the various other materials were considered 
fluxing agents. 
Materials and Apparatus 
Raw materials 
The phosphate rock used was Florida land pebble obtained from the 
Davison Chemical Corporation. The rock was already ground when received 
but it was put through a laboratory Mikro Samplmill to break up clods which 
had formed during storage and shipping. Before analysis or use in a fusion 
mixture it was dried for five hours at 100°C. The screen analysis, made 
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after grinding and drying, was determined by a 30 minute Tyler Rototap 
separation. The composition and screen analysis are given in Table 1. 
Qypsum was obtained from the United States Qypsum Company at Fort 
Dodge, Iowa. It was first ground in a roll mill and further reduced in 
size in a Mlkro Samp!mill before use. Before analysis it was dried at 
4-5 °C. for two hours and before use in the fusion mixtures it was dried at 
500°F. for three hours to remove the water of hydration. The screen 
analysis from a 30 minute Tyler Rototap test and the chemical analysis 
are given in Table 1. 
Glaserite was obtained from the International Minerals and Chemical 
Corporation, Chicago, Illinois. It was ground and dried in the same manner 
as the phosphate rock. Its analysis was as follows : 
Constituent Per cent (dry basis) 
KgO 41.00 
Na 7.34 
Mg 0.35 
Sfy 56.08 
CI 1.08 
Langbeinite was also obtained from the International Minerals and 
Chemical Corporation. This mineral is a double sulfate of potassium and 
magnesium (KgSO^ * 2MgS04). Commercial langbeinite contains 18 per cent MgO 
and 21 per cent K^ O. It was ground and dried in the same manner as glaserite 
before use. 
Other fluxing agents used were c.p. grade materials and were all dried 
by the appropriate methods before use. 
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Table 1. Chemical and screen analyses of raw materials. 
Per cent of sample (dry basis)5 
Constituent Phosphate rock Qypsum 
HgO (combined) - 19«9 
P2°5 33.8 
CaO 4?.8 32.1 
S03 - 44.8 
MgO 0.40 
Si02 9.1 2.5 
2.41 0.4 
CO2 — 0.6 
F 4.6 
Screen size 
-48+60 0.3 
-48+65 - 0.7 
-60+100 10.3 
-65+IOO - 6.8 
-100+150 11.4 10.9 
-150+200 22.8 13.1 
-200 - 68.5 
-2OO+325 43.5 
-325 11.7 
P^hosphate rock was dried for 5 hours at 100°C. Qypsum was dried for 
2 hours at 45°C. 
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Furnace 
A gas fired furnace was constructed to utilize the phenomenon of 
surface combustion. In this type of combustion a mixture of fuel gas 
and air impinge on the incandescent furnace wall where nearly the entire 
combustion takes place. 
The furnace was made ffom 9 inch by 4 1/2 inch by 2 1/2 inch Babcock 
and Wilcox K-28 insulating firebrick as shown in Figure 1. A combustion 
space of about 240 cubic inches was made by cutting out a circular section, 
6 1/2 inches in diameter, from a stack of bricks 9 inches by 9 inches by 
7 1/2 inches high. A portion of one side was cut out so that the crucibles 
could be placed inside and removed. Two bricks were placed on top with a 
2 inch hole cut for the escape of the exhaust gases. The formed bricks 
were assembled without mortar on top of two layers of solid bricks and a 
small slab 3 inches by 3 inches by 1 inch was placed inside the furnace for 
support of the crucible. For observation of the fusion, a 6 inch circular 
mirror was placed so that the crucible could be seen through the exhaust 
hole. A platinum-platinum 10 per cent Rhodium thermocouple connected to a 
potentiometer was placed in a still ma,nite tube and inserted in the furnace 
so that it was located just above the crucible. Temperatures up to 2900°F. 
could easily be attained using a laboratory forced air burner to introduce 
the combustion mixture through a 3/4 inch hole in the rear of the furnace. 
Figure 2 is a photograph of the assembled furnace in operation. 
Crucibles 
Number two and number three Coors porcelain crucibles were used for 
most of the fusions. After using many different kinds of crucibles, Boylan 
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Figure 1. Laboratory fusion furnace. 
Figure 2. Laboratory fusion furnace in operation. 
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(4) found that porcelain crucibles were the easiest to use and the most 
economical. The temperatures used in this work were somewhat higher than 
he used but the crucibles were still satisfactory. They could be used for 
only one fusion for two reasons: 
1. It was impossible to clean them satisfactorily. 
2. Cracks usually appeared after one heating and cooling cycle. 
Carbon crucibles were tried but it was found that the carbon reduced 
some of the sulfate to CaS. This increased the melting point of the charge 
making it impossible to melt satisfactorily. 
In later fusions of mixtures containing large amounts of silica the 
fusion mass was very viscous and considerable foaming occurred. For some 
of these fusions crucibles shaped from K-28 insulating brick lined with 
"Plistix" refractory surfacing cement were used. These crucibles were 
constructed so that the charge thickness was less and the surface area per 
unit of charge greater than when porcelain crucibles were used. These 
crucibles, shown in Figure 3» reduced considerably the foaming which other­
wise occurred. 
Quenching 
Quenching was initially accomplished by dumping the fused mass into 
a one liter stainless steel beaker of water. Because of the frequency of 
explosions when the glaserite fusions were quenched, a spray quenching 
device was constructed in an effort to reduce the violence of the explosions. 
This had no effect on the explosiveness of the material but it did aid in the 
recovery of the sample. The spray quench also had a tendency to shatter the 
quenched product to a greater degree than did other methods of quenching. 
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Figure 3« Fabricated crucible used in laboratory fusions. 
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therefore, it was used for all the subsequent fusions. Figure 4 depicts 
the operation of this quenching system. 
Fusion Procedure 
After drying the various raw materials, the furnace charge was pre­
pared. by weighing the appropriate quantities of raw materials into a 4 
ounce sample bottle. The 20 or 30 gram sample was mixed thoroughly by 
rolling and shaking the capped bottle. The charge was then placed in a 
number two or three crucible, depending on the size of the sample, and 
with tongs the crucible was placed in the furnace which had previously 
been heated to 2200-2400°F. Because of the temperature drop on opening 
the furnace, the furnace temperature was not recorded until 1 minute after 
the furnace was closed; thereafter, it was recorded every 2 minutes during 
the fUsion period. Melting around the edge of the crucible usually began 
in about 2 minutes. Vigorous bubbling occurred and continued throughout 
the fusion period regardless of the time the charge was left in the fUrnace. 
Because of this, it was impossible to recognize the point of complete 
fusion; consequently, it was necessary to determine by experiment the 
length of the fUsion time. It was found that, with the fUmace tempera­
tures used and with the sample size used, 7 to 9 minutes were sufficient 
for complete fusion. 
When complete fusion was achieved the crucible was removed from the 
furnace with tongs and the melt quickly dumped into the water spray. This 
operation was critical. To get rapid quenching and a granular product the 
melt had to be very fluid when it was poured into the spray. 
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Figure 4. Quenching apparatus. 
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The quenched product was separated from the water by décantation 
(filtration was not necessary), dried on a watch glass at 100°C. for 2 
hours, and ground to minus 80 mesh for analysis. 
Analysis 
Methods of analysis as set forth by the Association of Official 
Agricultural Chemists (2) were used for total P2O5 and. available PgO^  with 
two modifications. 
1. The final measurement of after the samples were dissolved 
was made colorimetrically, as described by Bridger and co-workers 
(6), using an ammonium molybdate ammonium vanadate color reagent. 
2. The Association of Official Agricultural Chemists (2) does not 
describe a method for determination of the available phosphate 
in thermal phosphates. Maclntire and co-workers (31) proposed 
that a modification of the Wagner procedure used for the evalu­
ation of basic slag be used for the determination of available 
phosphate in fused fertilizer. This procedure calls for ex­
traction of the sample in 2 per cent citric acid for 30 minutes. 
The dissolved phosphate is regarded as the available portion. 
This method has been used for evaluation of thermal phosphates 
by many investigators (3» 39» 45, 4?) both here and abroad and 
has been shown to correlate well with pot tests. The citric 
acid method was used for the evaluation in this study and the 
neutral ammonium citrate method described by the Association of 
Official Agricultural Chemists was used for comparison purposes. 
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Fluorine was determined by the method of Brabson, and co-workers (5) 
using the perchloric acid digestion alone. Iron and aluminum were deter­
mined according to the Association of Florida Phosphate Mining Chemists (1). 
Sulfate was determined gravimetrically using the barium precipitation 
method. 
Experimental Results 
Although some early fusions were made using mixtures of glaserite and 
phosphate rock, the major work was done using mixtures of gypsum and 
phosphate rock; gypsum, phosphate rock and a fluxing agent (KC1, langbeinite, 
glaserite, MgSOjj., KgSO^ ); and by-product gypsum from the manufacture of 
phosphoric acid and phosphate rock. 
The use of gypsum was emphasized because of the large deposits located 
in Iowa as well as in other parts of the world and because of the large 
quantities of by-product gypsum available. Glaserite was used because it 
contains a high percentage of potash. Other addition agents were used 
either for their potash content or because previous investigators found 
them to be beneficial when used in phosphate slags. 
Qypsua fusions 
Gypsum and phosphate rock fusions were attempted using mixtures 
ranging from 50 to 85 per cent dehydrated gypsum. Mixtures containing 
less than 60 per cent dehydrated gypsum could not be satisfactorily fused 
in the laboratory furnace using porcelain crucibles. Temperatures in 
excess of 2600°F. were required for those mixtures low in gypsum. At these 
temperatures the crucibles deteriorated rapidly and the charges foamed to 
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such an extent that they could not be contained in the crucible. Satis­
factory fusions of mixtures containing 60 per cent gypsum could be made 
at 2.500°F., although a great deal of foaming occurred. As the proportion 
of dehydrated gypsum increased, the melt was less viscous but considerable 
foaming still occurred. At the higher concentrations of dehydrated gypsum 
(greater than 70 per cent) temperatures from 2300° to 2400°F. were satis­
factory. 
Most of these fusions were made with 30 gram charges using number two 
porcelain crucibles. When this size sample was used, 5 to 7 minutes from 
the time the charge was placed in the furnace at 2450°F. were required for 
conplete fusion of the charge. The point of complete fusion could not be 
visually observed so it was necessary to determine the time of fusion by 
experiment for each mixture. 
Quenching was carried out by removing the crucible from the furnace 
with tongs and dumping the charge into the spray quench as previously 
described. The melts of low gypsum content did not shatter well during 
the quenching procedure; consequently, their cooling rate was not as rapid 
as that of melts of higher gypsum content which did shatter on quenching. 
This could be one reason for the low PgOg availabili ties in samples of 
low gypsum content. The quenched product ranged in appearance from a 
dense gray slag at 60 per cent dehydrated gypsum to a white flaky shattered 
product at 85 per cent dehydrated gypsum. 
The results of fusions made with compositions ranging from 15 to 40 
per cent rock and 85 to 60 per cent dehydrated gypsum are given in Table 2. 
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Table 2. Compositions of the products of various fusions of mixtures of phosphate rock and 
dehydrated gypsum. 
Fusion 
Dehydrated 
gypsum 
per cent 
Temper­
ature 
°F. 
Fusion 
time 
minutes 
Product composition per cent 
Total Available5 Available6 
P2O5 P2O5 P2O5 
Availa­
bility 
per cent 
p205b 
Availa­
bility 
per cent 
55-110 60 2460 5 13.2 8.77 3.0 67 23 
55-111 60 2460 5 13.2 8.62 3.0 65 23 
55-166 62.5 2420 9 13.8 10.5 6.0 76 44 
55-167 62.5 2435 9 13.8 9.49 5.8 69 42 
55-112 65 2445 5 11.2 9.60 3.8 86 34 
55-113 65 2445 5 11.1 9.04 3.1 81 28 
55-164 65 2420 8 12.7 10.5 4.4 82 35 
55-174 67-5 2415 8 11.7 10.4 4.5 89 39 
55-175 67.5 2420 8 11.7 10.5 4.4 91 38 
55-182 67.5 2415 12 13.2 11.7 8.6 89 65 
55-183 67.5 2415 12 11.7 10.5 7.8 90 67 
55-114 70 2460 5 10.0 10.0 6.4 100 64 
55-115 70 2475 5 9.9 10.0 5.1 (100) 52 
55-161 70 2415 7 10.5 10.0 6.7 95 64 
55-172 70 2390 8 10.5 10.8 6.2 (100) 59 
55-180 70 2405 12 10.9 10.8 9.5 99 87 
55-181 70 2405 12 10.7 10.8 6.8 (100) 65 
55-170 72.5 2365 8 9.66 9.75 7.6 (loo) 79 
55-171 72.5 2380 8 9.66 9.75 6.3 (100) 65 
55-178 72.5 2440 12 12.1 11.7 11.2 97 93 
55-179 72.5 2450 11 10.3 10.3 9.8 100 95 
55-116 75 2445 5 8.08 7.64 6.2 92 77 
55-117 75 2455 5 8.08 8.28 7.2 (100) 89 
55-168 75 2410 9 10.0 9.75 9.8 95 96 
55-169 75 2370 9 9.39 9.27 8.5 99 91 
55-177 75 2530 12 9.28 9.25 9.0 100 97 
55-118 80 2445 5 6.90 6.96 5.2 100 75 
55-119 80 2370 5 6.67 7.15 5.2 (100) 78 
55-120 85 2435 5 5.09 5.57 4.7 (100) 92 
*Based on solubility in 2 per cent citric acid 
B^ased on solubility in neutral ammonium citrate 
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Average values of availabilities^  are plotted against per cent rock in the 
charge in Figure 5- The data show that a product of high PgOg availability 
can be obtained by fusing rock and gypsum mixtures having composition of 65 
per cent or more dehydrated gypsum. Maximum PgOg availability occurred with 
a charge containing 30 per cent phosphate rock and 70 per cent dehydrated 
gypsum. Product composition was 10.5 per cent total PgO^  and 10.4- per cent 
available PgO^  for this mixture. 
The phosphate-gypsum fused product is grayish white and easily ground; 
it is nohhygroscopic and nonacidic* 
Walthal and Bridger (4-9) showed that for olivine fusions high PgOg 
solubility occurred when the MgO/PgO^  ratio was approximately 2.2. Boylan 
(4) found in langbeinite fusions that high PgO^  solubility occurred when 
the MgO/PgOg ratio was 3*1 and the KgO/PgOg ratio was 1.6. This gives a 
total additive cation to phosphate ratio of 4.7* In this work if only the 
CaO in the additive is considered the CaO/PgOg ratio is 5*6. However, if 
the total CaO present is considered the ratio is 9.2. 
A^vailability refers to the per cent of the total PgOe which is soluble 
in a prescribed solvent. According to the Association of official Agricultur­
al Chemists, using neutral ammonium citrate as the solvent, availability is 
computed as: 
100 x p2°5 ~ citrate insoluble P2O5 
total PgOg 
When 2 per cent citric acid is used as the solvent availability is computed 
as: 
citric acid soluble P?0c 100 x • * J 
total PgO^  
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Figure 5. Effect of charge composition on PgO^  availability of 
fusions of phosphate rock and dehydrated gypsum. 
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To determine if time in the molten state affected the solubility of 
PgCy various fusions were held in the furnace up to a total of 12 minutes. 
The varying time of furnace residence had no effect on PgO^  solubility in 
2 per cent citric acid if the charge was completely fused and fluid when 
quenched. However, the continuous evolution of SCy while the sample was in 
the furnace caused the viscosity of the melt to increase and created seme 
difficulty in the quenching procedure. This loss of sulfate had no effect 
on the citric acid solubility of PgCy. For these reasons the time in the 
furnace depended only on the time required for complete fusion. 
Although the fhsion time had no effect on the phosphate solubility in 
2 per cent citric acid, this was not the case when the solubility in neutral 
ammonium citrate was considered. Referring to the right hand column of Table 
2, it can be seen that as fùsion time increased the citrate solubility in­
creased. The citrate availabilities of samples held in the furnace 9 minutes 
or longer were averaged and plotted in Figure 5» for comparison with the 
citric acid solubilities. The plot shows a higher phosphorus solubility in 
2 per cent citric acid than in neutral ammonium citrate. 
Phosphate loss during fusion 
To determine if any phosphate was lost during fusion, material balances 
were made on two 70 per cent dehydrated gypsum - 3° per cent rock fusions. 
The samples were fused in the same manner as previous fusions but were not 
quenched. The charge containing crucible was weighed before and after 
fusion, and the cooled slag as well as the original sample were analyzed 
for total PgOy The results are presented below: 
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Per cent PgOg 
Per cent 
Fusion weight loss 
57-004-1 9.0 
After fusion After fusion 
Before fusion actual calculated 
9.93 11.4 11.0 
57-004-2 10.0 9.93 11.3 11.1 
These results show no loss of phosphate during fusion. 
Leaching 
In as much as the fusion product was low in total phosphorus, attempts 
were made to up-grade the product and some success was experienced by leach­
ing with water. 
Sample 56-115 was prepared by making a one pound mixture containing 
70 per cent dehydrated gypsum and 30 per cent phosphate rock. Eight 
separate fusions of 30 grams each were made, using this mixture as the 
raw material, and the resulting quenched products were combined for grinding 
and analysis. The ground product contained 10.8 per cent PgO^  of which 84 
per cent was soluble in 2 per cent citric acid. 
Two 10 gram samples were mixed with a magnetic stirrer with 2000 ml. 
of water each for 1 hour at room temperature. The mixtures were then 
filtered in weighed gooch crucibles and the residue was dried at 105°C. 
Portions of the filtrates were tested for the presence of phosphate and 
since none was present the filtrates were discarded. The samples had an 
actual weight loss of 31.4 per cent and 32.3 per cent respectively and this 
was confirmed by making a phosphate balance. A sulfate balance, assuming 
all sulfate was CaSO^ , showed that nearly all or 95*5 per cent of the material 
dissolved was CaSO^ . Very little fluorine was dissolved but some CaO could 
have dissolved as CaCOH^ . No hydration of the undissolved sulfate was 
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indicated. 
The leached product contained 15.9 per cent total PgO^  of which 79 
per cent was available. The reduction in availability is probably due 
to the fact that the leached product was not ground before analysis. 
These results are summarized in Table 3-
Two samples of 5 grams each were extracted in 500 ml. of water in an 
effort to determine the minimum amount of water required for maximum ex­
traction. These extractions resulted in a weight loss of only 24.5 per 
cent. A sulfate balance showed that the water dissolved the sulfate to 
the maximum solubility of calcium sulfate in water at the temperature of 
the extraction. 
These results indicated that the maximum amount of material that can 
be removed by leaching is approximately 32 per cent. They also indicate 
that the minimum amount of water required for maximum leaching need be 
only that amount sufficient to dissolve a quantity of calcium sulfate 
equivalent to 32 weight per cent of the solid leached. 
To verify the above conclusions, sample 56-116 was prepared in the 
same manner as sample 56-115• As shown in Table 3, sample 56-II6 had a 
more favorable P2O5 availability. Two 15 gram portions of sample 56-116 
were extracted with 2000 ml. of water each. The water to solid ratio was 
such that if 30 per cent of the sample dissolved, the concentration of 
calcium sulfate in the filtrate would be equivalent to the maximum solu­
bility of calcium sulfate in water. 
Using both weight loss considerations and a phosphate balance it was 
found that 30.5 per cent of each sample dissolved. This indicated that 
a solid to liquid ratio of 1:133 is adequate for maximum leaching. 
Table 3- Product compositions of fusions containing 70 per cent dehydrated gypsum and 30 
per cent rook phosphate which were leached with water at room temperature. 
Sample Description 
Composition (per cent) 
p£0«j Sol. PgO^  SO3 F 
p2°5 
Availability 
per cent 
Weight loss 
on leaching 
per cent 
56-115 
Raw material 10.3 6.2 38.6 1.22 60 
Fused 10.8 9.3 33.8 1.13 84 -
Leaoheda 
Leached.8 
15.9 
15.9 
12.6 
12.3 
23.4 
23.2 H
 H
 
5(
5 80 
78 
31.4 
32.3 
Leached?5 
Leached*3 
14.4 
14.4 
11.6 
11.7 
26.7 
26.9 
1.30 
1.44 
81 
82 
24.6 
24.5 
56-116 
Raw material 10.6 5.8 39.7 1.25 53 -
Fused 11.2 10.5 33-7 1.11 94 -
Leached0 
Leached® 
14.5 
14.8 
14.2 
14.0 
23.1 
21.1 
1.34 
1.43 
98 
95 
30.3 
30.5 
aGround to 80 mesh and leached with 200 parts water to one part sample 
S^ame but only 100 parts water used 
°Same but only 133 parts water used 
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The final product, after grinding to 80 mesh, contained 14.6 per cent 
total phosphate and 14.1 per cent citric and soluble phosphate. 
These extraction studies point to the interesting fact that, where 
as for high PgOg availability in the ftised product, the calcium sulfate-
PgCy ratio in the charge must be 5*6, it is only 3.4 after the product 
has been leached. This indicates that only about 60 per cent of the 
original CaO from the gypsum is tied up in the structure of the product. 
Fusions of phosphate rock, gypsum and fluxing agents 
In a further effort to increase the quality of the product, various 
potash containing fluxing agents were added to the gypsum-rock mixtures. 
The materials used were commercial langbeinite (KgSO^ 'ZMgSO^ ), commercial 
glaserite (2K2SO4*NagSO^ ) and c.p. potassium chloride. These materials 
had the added advantage that they not only added potash to the product 
but also lowered the melting point of the fusion mixture and gave a more 
fluid melt. 
Fusions made with mixtures of phosphate rock and gypsum using 
langbeinite as a flux had a charge composition varying from 15 to 40 per 
cent phosphate rock, 45 to 80 per cent dehydrated gypsum and 5 to 15 per 
cent langbeinite. The results, in terms of PgOg availability are given 
in Table 4 and are plotted versus per cent phosphate rock in Figure 6. 
In this figure each point represents an average of at least two fusions. 
Fusion temperatures were approximately 2350°F. and fusion time was 
approximately 5 minutes after appearance of initial bubbling. The data 
indicate that the addition of gypsum considerably increased the PgOg 
availability of the product but that the addition of langbeinite as a 
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Table 4. Composition of products from fusions of phosphate rock and 
dehydrated gypsum with langbeinite. 
Final Product composition Availa-
Phosphate Lang- temper- (per cent) bility 
Fusion 
rock 
(per cent) 
beinite 
(per cent) 
ature 
(°F. ) 
Total 
P2O5 
Available 
P2O5 
(per cent 
of total) 
1-P 40 5 2440 13.73 9.70 70.6 
2-P 40 5 2335 13.14 8.96 68.1 
3-P 35 5 2350 12.23 9.87 80.7 
4-P 35 5 2420 12.02 9.84 81.8 
5-P 30 5 2340 10.67 10.38 97.3 
6-P 30 5 2340 10.59 10.33 97.6 
7-P 25 5 2320 8.85 8.76 99.0 
8-P 25 5 2290 8.64 8.35 96.7 
9-P 20 5 2290 6.87 6.88 100.0 
10-P 20 5 2365 7.05 6.56 93.2 
ll-P 15 5 23% 5.53 5.16 93.5 
12-P 15 5 2390 5.56 5.47 98.4 
13-P 40 10 2380 13.20 7.92 60.0 
1A-P 40 10 2330 13.10 6.97 53.2 
15-P 35 10 2335 12.30 8.33 67.7 
16-P 35 10 2325 11.98 8.41 70.3 
17-P 30 10 2330 10.50 8.75 83.3 
18-P 30 10 2350 10.54 9.01 85.5 
19-P 25 10 2350 8.75 8.22 94.0 
20-P 25 10 2305 8.75 7.92 90.6 
2L-P 20 10 2330 6.86 6.51 94.9 
22-P 20 10 2305 7.07 6.51 92.1 
23-P 15 10 2370 6.25 5.85 93.6 
24-P 15 10 2350 6.30 5.75 91.3 
25-P 40 15 2295 14.68 7.23 49.3 
26-P 40 15 2340 14.59 7.80 53.5 
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Table 4. (Continued) 
Fusion 
Phosphate 
rock 
(per cent) 
Lang­
beinite 
(per cent) 
Final 
temper­
ature 
(«F.) 
Product composition 
(per cent) 
Total Available 
p2°5 p2°5 
Availa­
bility 
(per cent 
of total) 
27-P 35 15 2310 12.84 8.24 64.1 
28-P 35 15 2340 13.07 9.16 70.1 
29-P 30 15 2340 11.58 9.60 83.O 
30-P 30 15 2350 11.67 10.01 85.8 
31-P 25 15 2340 10.03 8.96 89.4 
32-P 25 15 2355 10.12 9.49 93-8 
33-P 20 15 2385 8.19 7.81 95-3 
34-P 20 15 2385 8.25 7.60 92.2 
35-P 15 15 2425 6.15 6.05 98.4 
36-P 15 15 2425 6.15 6.25 (100) 
flux decreased it. Optimum charge composition was approximately 30 per 
cent phosphate rock, 65 per cent dehydrated gypsum and 5 per cent lang­
beinite. Product analyses from a charge of this composition showed 10.6 
per cent total PgO^  and 10.4 per cent available PgO^ , as determined by 
2 per cent citric acid, equivalent to a PgO^  availability of 98 per cent. 
Fusions made with mixtures of phosphate rock and gypsum, using 
glaserite as a flax had charge compositions ranging from 15 to 40 per cent 
phosphate rock, $0 to 80 per cent dehydrated gypsum and 5 to 10 per cent 
glaserite. The results are shown in Table 5 and the averaged values for 
availability are plotted in Figure ?• Fusion temperatures were approxi­
mately 2400°F. and the furnace time beyond appearance of bubbling was 
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Figure 6. Effect of charge compositions on PgOc availability of 
fusions of phosphate rock, dehydrated gypsum and lang­
beinite. 
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Table 5« Composition of products from fusions of phosphate rock and 
dehydrated gypsum with 5 per cent glaserite. 
Phosphate 
Fusion Product composition 
temper- (per cent) Availa-
rock Glaserite ature Total Soluble bili-
Fusion (per cent) (per cent) (°F. ) P2O15 P2O5 (per 1 
55-74 40 5 2425 (lost) 
55-75 40 5 2465 13.34 8.52 64 
55-7 6 35 5 2395 11.52 8.15 71 
55-77 35 5 2440 11.52 8.15 71 
55-78 30 5 2450 9.80 9.16 94 
55-79 30 5 2440 9.57 8.15 85 
55-80 25 5 2460 8.03 7.81 97 
55-81 25 5 2455 8.03 7.71 96 
55-82 20 5 2460 6.65 6.35 96 
55-83 20 5 2465 6.50 6.54 100 
55-84 15 5 2460 4.95 4.65 94 
55-85 15 5 2455 4.65 4.85 100 
55-86 40 10 2430 13.56 8.43 62 
55-87 40 10 2430 13.16 8.65 66 
55-88 35 10 2400 11.83 8.34 70 
55-89 35 10 2415 11.83 8.48 72 
55-90 30 10 2405 10.12 8.69 86 
55-91 30 10 2405 10.12 8.54 84 
55-92 25 10 2390 8.52 8.17 96 
55-93 25 10 2390 8.42 8.12 97 
55-94 20 10 2370 • 5 6.52 98 
55-95 20 10 2360 5 6.46 97 
55-96 15 10 2370 4.85 4.80 99 
55-97 15 10 2385 4.75 4.75 100 
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Figure 7. Effect of charge composition on P2O5 availability of 
fusions of phosphate rock, dehydrated gypsum and 
glaserite. 
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approximately 5 minutes. The curves are similar to the curves of Figure 6 
and also show the decrease of PgO^  availability with increased fluxing 
agent. Optimum composition of charge was 25 per cent phosphate rock, ?0 
per cent dehydrated gypsum and 5 per cent glaserite. The PgO^  analyses 
of products from this charge composition were 6.6 per cent total PgO^  and 
6.4 per cent available PgO^ , or an availability of 97 per cent. 
Fusions made with mixtures of phosphate rock and gypsum using 
potassium chloride as a flux had charge compositions ranging from 15 to 
40 per cent rock, 45 to 80 per cent dehydrated gypsum and 5 to 15 per cent 
potassium chloride. The effect of charge composition is shown in Figure 8 
and the results are presented in Table 6. The average fusion temperature 
was 2350°F. and the fusion time was the same as for other fluxes. The 
general shape of the curves shows again the increase in availability with 
addition of gypsum and the decrease of availability with the addition of 
flux. 
Ternary studies 
In order to determine if there existed a mixture of phosphate rock, 
gypsum and small amounts of some previously used but more costly material 
which would give a product of high total and available phosphate on fusion, 
three component mixtures were studied. 
Since salts of magnesium had been demonstrated to be beneficial in 
other fusion processes, the system CaSO^  - MgS% - phosphate rock was 
studied. The sulfates used were anhydrous and of c.p. grade. 
These materials were mixed in various proportions, fused and quenched 
in the same fashion as previously described. Because of the low bulk 
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Figure 8. Effect of charge composition on P2O5 availability of 
fusions of phosphate rock, dehydrated gypsum and 
potassium chloride. 
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Table 6. Composition of products from fusion of phosphate rock, gypsum 
and potassium chloride. 
Phosphate Temper­ Product composition Availa­
rock KC1 ature (per cent) P2O5 bility 
Fusion (per cent) (per cent) (°F. ) Total Available (per cent) 
13a 40 5 2370 14.2 9.18 64.4 
13b 40 5 2465 14.3 10.10 70.7 
14a 35 5 (lost) 
10.26 87.0 14b 35 5 2415 11.8 
15a 30 5 2375 10.5 9.92 94.5 
15b 30 5 2345 10.0 9.48 94.8 
l6a 25 5 2385 8.3 7.82 94.3 
16b 25 5 2390 8.3 7.82 94.3 
17a 20 5 2375 6.6 6.50 98.6 
17b 20 5 2400 6.7 6.25 93.4 
18a 15 5 2390 5.0 4.95 99.0 
18b 15 5 2430 5-3 5.15 97.3 
19a 40 10 2425 14.8 9.05 61.2 
19b 40 10 2425 14.6 8.94 61.0 
20a 35 10 2380 12.3 9.25 75.0 
20b 35 10 2380 11.7 9.45 80.5 
21a 30 10 2335 10.1 9.57 94.5 
21b 30 10 2365 9.8 9.03 92.0 
22a 25 10 2260 8.0 7.65 95.6 
22b 25 10 2245 8.0 7.56 94.8 
23a 20 10 2245 6.3 6.22 98.4 
23b 20 10 2230 6.3 6.23 98.7 
24a 15 10 2245 4.7 4.73 (100) 
24b 15 10 2305 4.8 4.93 (100) 
25a 40 15 2630 18.7 8.52 45.6 
25b 40 15 2690 19.2 9.55 49.8 
26a 35 15 2560 15.4 8.65 56.1 
26b 35 15 2645 12.8 10.60 82.7 
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Table 6. (Continued) 
Phosphate Temper­ Product composition Availa­
rock KC1 ature (per cent) P2O5 bility 
Fusion (per cent) (per cent) (°F. ) Total Available (per cent) 
27a 30 15 2645 12.8 10.60 82.7 
27b 30 15 2305 11.8 9.80 83.0 
28a 25 15 2380 8.4 8.12 96.6 
28b 25 15 238O 8.7 8.75 (100) 
29a 20 15 2290 7.0 6.98 99.9 
29b 20 15 2335 6.9 6.05 87.6 
30a 15 15 2320 5.5 5.20 94.5 
30b 15 15 2320 5.1 4.65 91.1 
density of the c.p. materials, it was necessary to use number three porcelain 
crucibles for fusions of 30 grams. The fusion time ranged from 7 to 9 
minutes after placement in the furnace. The initial furnace temperature 
was approximately 2400°F. and at the end of fusion the temperature ranged 
from 2100°F. for fusions using MgSO^  only as the addition agent, to 2400°F. 
for mixtures containing only calcium sulfate as the addition agent. 
The results are reported as total PgCy, 2 per cent citric acid soluble 
PgOtj, and per cent availability in Table 7. Averaged values of availa­
bility are plotted as a function of charge composition in Figure 9« The 
data show that magnesium sulfate is by far a better material for use as an 
additive in ftised fertilizer manufacture than is calcium sulfate. A mixture 
of 60 per cent rock and 40 per cent MgSO^  gave a product containing 21 per 
cent citric acid soluble PgO^ . These results also show that the use of c.p. 
42 
Table ?• Compositions of fusion products from fusions of mixtures of 
CaS04 - MgSOij, and rock phosphate. 
(Fusion temperature 2100°F. - 2400°F. ) 
Product composition 
Original composition (per cent) 
(per cent) Total Soluble % 
Fusion Rock CaSû4 MgSQtj. p2°5 p205 Availability 
56-38 60 0 40 22.5 21.0 93 
56-39 60 0 40 22.5 19.2 85 
56-36 55 0 45 20.0 19.7 99 
56-37 55 0 45 20.1 19.8 99 
56-34 50 0 50 18.6 17.4 94 
56-35 50 0 50 18.7 18.0 96 
56- 2 45 0 55 16.4 16.02 97 
56- 3 40 0 60 14.4 13.35 93 
56- 4 35 0 65 12.6 12.08 96 
56-72 30 0 70 11.0 10.6 97 
56- 6 25 0 75 8.8 8.53 97 
56- 7 20 0 80 6.9 6.78 98 
56- 8 15 0 85 5.3 5.45 (100) 
56-48 55 9 36 19.8 17.3 93 
56-49 55 9 36 20.0 18.5 93 
56-40 45 11 44 17.1 16.7 98 
56-41 45 11 44 16.7 16.3 98 
56-21 40 12 48 15.1 14.2 94 
56-22 40 12 48 15.1 14.6 96 
56-69 30 14 56 11.2 10.2 91 
56-24 30 14 56 11.3 10.3 91 
56-25 20 16 64 7.5 6.8 91 
56-26 20 16 64 7.2 7.2 100 
56-68 55 18 27 20.1 12.8 64 
56-47 55 18 27 19.7 11.8 60 
56-42 50 20 30 17.8 15.7 88 
56-43 50 20 30 18.6 16.2 87 
56-16 45 22 33 15.6 13.3 85 
56-50 45 22 33 16.9 14.9 88 
56-17 35 26 39 13.2 12.5 95 
56-51 35 26 39 13.1 12.5 95 
56-70 25 30 45 9.6 9.2 96 
56-71 15 34 51 6.3 6.3 100 
56-53 15 34 51 5.6 5.6 100 
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Table 7. (Continued) 
Product composition 
Original composition (per cent) 
Fusion 
(per cent) 
Rock CaSOjj. MgS0i| Total p2°5 
Soluble 
P2O5 
p2°5 
Availability 
56-44 50 30 20 18.1 9.3 51 
56-15 50 30 20 18.0 9.7 54 
56-13 40 36 24 14.7 10.3 70 
56-31 40 36 24 14.6 10.8 74 
56-14 30 42 28 10.3 9.2 89 
56-32 30 42 28 11.4 10.3 90 
56-15 20 48 32 7.2 7.0 97 
56-33 20 48 32 8.0 7.8 98 
56- 9 45 44 11 16.0 9.1 57 
56-27 45 44 11 16.4 9.4 57 
56-10 35 52 13 12.8 10.7 83 
56-28 35 52 13 13.2 11.2 85 
56-11 25 60 15 8.2 7.7 94 
56-29 25 60 15 9.5 9.0 95 
56-12 15 68 17 5.7 5.2 91 
56-30 15 68 17 5.6 5.1 91 
56-54 45 55 0 16.8 9.2 55 
56-61 45 55 0 16.2 9.4 58 
56-55 40 60 0 14.5 9.4 65 
56-62 40 60 0 14.4 9.8 68 
56-56 35 65 0 12.8 10.3 81 
56-63 35 65 0 12.4 9-7 78 
56-57 30 70 0 10.8 8.9 83 
56-64 30 70 0 10.9 9-7 89 
56-58 25 75 0 9.0 8.3 92 
56-65 25 75 0 9.0 9.0 100 
56-59 20 80 0 7.1 6.9 97 
56-66 20 80 0 6.9 6.7 97 
56-60 15 85 0 6.0 5.8 97 
56-67 15 85 0 5.2 5.0 96 
Figure 9« Effect of charge composition on PgO^  availability 
of fused mixtures of calcium sulfate, magnesium 
sulfate and phosphate rock. 
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calcium sulfate results in a product inferior to that obtained using 
gypsum. 
The area of high phosphate solubility is indicated on Figure 9 as 
the area below line A-B or the line A-C. Line A-B is a line of constant 
mole ratio indicated as follows: 
1/2 CaO + MgO _ n m 
% " 9 
Line A-C represents the constant mole ratio described by the equation: 
1/3 CaO + MgO 
% " ^ 
The cations represented are addition cations and do not include the cations 
contributed by the phosphate rock. These two equations represent two 
possible expressions for the effectiveness of the magnesium and calcium 
ions in producing a product of high PgO^  availability. 
In another series of fusions the CaSO^  - KgSO^  - rock system was 
studied. Mixtures of the same proportions as the previous series were 
prepared with the magnesium sulfate replaced by potassium sulfate. Con­
siderable difficulty was experienced when fusions were attempted using the 
mixtures of high potassium sulfate content. Temperatures up to 2700°F. 
were required with resulting excessive crucible corrosion and breakage. 
Those fusions high in potassium sulfate also exploded violently on quenching 
with the resulting loss of considerable sample and in same cases all of the 
sample. 
The results of these fusions are presented in Table 8 and average 
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Table 8. Compositions of fusion products from fusions of mixtures of 
CaSOij. - K2SO4 and rock phosphate. 
(Fusion temperature 2400°F. - 2700°F.) 
Product composition 
Original composition (per cent) 
Fusion 
(per cent) 
Rock CaSOjj. K2S04 
Total 
% 
Soluble 
p2°5 
p2°5 
Availability 
56-73 40 12 48 15.6 5.9 38 
56-74 40 12 48 15.4 4.3 28 
56-75 30 14 56 (lost) -
56-76 30 14 56 10.9 5.6 52 
56-77 20 16 64 (lost) -
56-78 20 16 64 5.2 3-5 67 
56-79 45 22 33 18.1 4.8 27 
56-80 45 22 33 (lost) -
56-81 35 26 39 (lost) -
56-82 35 26 39 11.8 5.0 42 
56-83 25 30 45 9.0 6.9 77 
56-84 25 30 45 (lost) -
56-85 15 34 51 (lost) 
56-86 15 34 51 12.0 12.8 (100) 
56-87 40 36 24 19.9 9.8 49 
56-88 40 36 24 17.6 9.1 52 
56-89 30 42 28 14.6 10.4 71 
56-90 30 42 28 13.8 11.6 84 
56-91 20 48 32 11.2 10.5 94 
56-92 20 48 32 11.0 10.0 91 
56-93 45 44 11 16.1 7.0 44 
56-94 45 44 11 16.1 7.3 45 
56-95 35 52 13 13.0 7.0 54 
56—96 35 52 13 12.9 6.9 54 
56-97 25 60 15 9.3 6.7 72 
56-98 25 60 15 8.9 6.4 72 
56-99 15 68 17 5.4 4.6 85 
56-100 15 68 17 5.5 4.6 84 
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values of availability together with the results of Boylan (4) for K^ SO^  -
rock mixtures are plotted against composition in Figure 10. Also, plotted 
on Figure 10 are the data for CaSO^  - rock mixtures previously presented 
in Table ?• From this plot it can be seen that potassium sulfate is not 
beneficial in fusions of this kind. 
Fusions with by-product gypsum 
During the manufacture of phosphoric acid by the wet process, large 
quantities of gypsum are produced as a by-product. This material has no 
commercial value and consequently creates a disposal problem. In an effort 
to see if this material could be used as an addition agent for a fusion 
process, a small quantity was obtained from the Davison Chemical Company. 
As received, the material was very damp and had a grayish color. After 
drying at 45°C. the material was lighter in color but was still somewhat 
darker than natural gypsum. The analysis was as follows: 
Constituent Per cent 
Combined water 20.1 
CaO 32.1 
S(y 43.8 
P2°5 0,7 
RgOg 0.25 
The by-product material was dried at 500°F. to remove the combined 
water and 30 gram samples were prepared for fusion using mixtures varying 
from 60 to 85 per cent dehydrated gypsum and from 40 to 15 per cent phos­
phate rock. These mixtures were fused in the same manner as the previous 
Figure 10. Effect of charge composition on PgOg availability 
of fused mixtures of calcium sulfate potassium 
sulfate and phosphate rock. 
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fusions with a furnace temperature of approximately 2400°F. and a fusion 
time of approximately 7 minutes. The results are shown in Table 9 and 
the average values of availability are shown in Figure 11. These results 
show that this by-product gypsum did not give as good a product as did 
mineral gypsum. The fusions with by-product gypsum from Davison Chemical 
Company were very difficult to make because of excessive decomposition of 
the sulfate. Foaming of the charge as it melted caused considerable trouble 
and made observation of the point of complete fusion almost impossible. The 
resulting melt was also quite viscous which reduced the effectiveness of 
the quench. Because of these difficulties the data obtained in the labo­
ratory were assumed to be unreliable. This assumption was not warranted 
and subsequent pilot plant work confirmed the data. 
Product Evaluation 
The gypsum-phosphate fused product, as made in the laboratory, was a 
white flaky material made from the fusion and subsequent quenching of a 
mixture of 70 per cent dehydrated, mineral gypsum and 30 per cent phosphate 
rock. The product was basic in character, nonhygroscopic, easily ground 
and contained at least 10 per cent citric acid soluble PgOg after drying 
at 100°C. and grinding to minus 80 mesh. It also contained 33 per cent 
S0^  and 1.13 per cent fluorine. 
This gypsum fusion process has the following advantages over the super­
phosphate and triple superphosphate processes: 
1. No caking or bag deterioration occurs during storage of the 
product. 
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Table 9- Compositions of products of fusions using mixtures of rock 
phosphate and. by-product gypsum. 
Product composition 
Fusion 
Dehydrated 
gypsuma 
(per cent) 
Temper­
ature 
op. 
(per cent) 
Total Available 
p2°5 p2°5 
2°5 
Availability 
(per cent) 
57-011 60 2490 16.1 8.4 52 
57-012 60 2520 15.9 8.5 54 
57-013 65 2415 13.5 8.4 62 
57-014 65 2445 13.7 8.0 58 
57-041 67.5 2350 12.6 6.6 52 
57-042 67-5 2375 12.8 8.2 64 
57-015 70 2385 12.2 8.5 70 
57-016 70 2405 12.1 8.0 66 
57-044 70 2375 12.1 7-9 65 
57-045 72.5 2385 11.1 8.8 79 
57-017 75 2365 9.0 8.3 92 
57-047 75 2400 (lost) 
57-048 75 2390 10.7 9.0 84 
57-024 80 2425 8.5 8.3 98 
57-025 80 2435 8.1 8.1 100 
57-021 85 2400 6.8 6.4 9 4  
57-022 85 2400 6.0 6 . 0  100 
T^his gypsum was obtained from the Davison Chemical Corporation and 
is a by-product from H PO manufacture. It was dried at 500°F. before 
fusion. 
2. No curing period is required during or subsequent to manufacture. 
3. Expensive acids are not required. This should be especially 
advantageous in foreign countries. 
4. By-product gypsum produced in the manufacture of phosphoric 
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Figure 11» Effect of charge composition on PgO  ^ availability of 
fusions of dehydrated by-product gypsum and phosphate 
rode. 
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acid may be used. 
The disadvantages are as follows; 
1. The total phosphate content of the product is low, except 
after leaching with water. 
2. The basic nature of the product limits its use to acid soils. 
3. The product cannot be ammoniated. 
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PILOT PLANT INVESTIGATION 
Because of the promising results obtained in the laboratory a pilot 
plant was constructed for the production of fused gypsum-phosphate. The 
objectives of the pilot plant work were as follows: 
1. To determine the feasibility of the process on a pilot plant 
scale. 
2. To obtain operating data so that an economic study could be 
made. 
3. To test a horizontal gas fired fusion furnace in regard to its 
adaptability to a fusion process for fertilizer production. 
4. To determine if by-product gypsum could be used satisfactorily 
as an addition agent in a pilot plant operation. 
The pilot plant was constructed to accomplish the series of operations 
shown on the flow sheet in Figure 12. The raw materials were ground, mixed 
and introduced to a cement mixer. Water was added to the mixer in such a 
quantity that agglomerates were formed. The charge was then dumped onto 
a one-half inch screen. The undersize material was recycled to the mixer; 
the oversize material was air dried for several days and subsequently fed 
to a horizontal fusion furnace. The melt was quenched in a high velocity 
water spray, dried at 150°F. and bagged. 
Equipment 
The major pieces of equipment used were the mixer, the drier and the 
fusion furnace. An ordinary cement mixer powered by a one-quarter horse­
power motor was used to mix and agglomerate the furnace feed. A rotary 
drier was fabricated from a five foot section of standard 12 inch pipe. 
PHOSPHATE ROCK 
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Figure 12. Pilot plant flow sheet. 
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It was directly heated by the exhaust gases from the fusion furnace and 
was chain driven from a WB30 Link Belt speed reducer, powered by a one 
horsepower motor. The drier is shown in the foreground of Figure 13. 
Chromel-alumel thermocouples were provided to measure the temperatures 
of the gas in and out and of the product. 
The fusion furnace was a horizontal directly heated cylindrical shell 
which was capable of producing one ton of fused product per day. The 
partially assembled furnace is shown in the background of Figure 13 and 
the furnace interior is shown in Figure 14. The furnace design was made 
with the following criteria: 
1. The furnace was to have a capacity of approximately one ton 
per day. The warm up and shut down time was to be as low as 
possible and the operation was to require no more than two 
men. 
2. Heating was to be provided, to maintain a temperature of at 
least 2500°F. using natural gas as a fuel. 
3. The furnace lining composition and design was to be such 
that it would withstand the corrosive action of the melt. 
4. The furnace design was to be such that the melt could be 
removed rapidly and continuously. Previous work (4) 
suggested that the operational problems in removing the 
melt from a vertical shaft furnace were numerous and 
difficult. 
It was therefore decided to consider the adaptation of a horizontal 
furnace to the process. 
An assembly drawing of the hearth section is shown in Figure 1 5 .  This 
Figure 13. Furnace hearth and rotary drier. 
Figure 14. Interior of furnace hearth. 
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was patterned after the Tennessee Valley Authority calcium metaphosphate 
pilot plant No. 3 (8). The hearth consisted of a 20 inch, schedule 10, 
steel shell 5 feet 4 inches long and open at both ends. One end was fitted 
with a flange to which a 4 inches deep flanged end cap could be bolted. 
Two nozzles were welded to the top of the shell, a 12 inch nozzle at right 
angles to the axis of the shell, and a 6 inch nozzle at an angle of 60 
degrees with the center line of the shell. These openings were used for 
feeding the furnace or for the removal of the combustion gases. Also 
shown in Figure 15 is an opening lettered A, located for removal of the 
molten product. The openings lettered B, C, D and E were used for observa­
tion of the fusion process. 
The furnace lining was made of Plicast 31» manufactured by the Plibrico 
Company, Chicago, Illinois. This castable refractory had a recommended 
service limit of 2900°F. The dry refractory was mixed with water in a 
cement mixer and the resulting mixture tamped into place around cylindrical 
forms centered inside the shell and nozzles. Pieces of 2 inch pipe were 
inserted through the mortar at the places indicated as observation ports. 
At the burner end of the shell a conical shaped form was affixed and the 
refractory packed around it. After the mortar had set sufficiently the 
forms were either removed or burned out on the initial firing of the fUrnace. 
The interior of the hearth section after the forms had been removed is shown 
in Figure 14. 
A primary air preheater was fabricated as shown in Figure 16. This 
was designed so that the primary burner air could pass through the annular 
space and the flue gases could escape through the central 8 inch pipe. 
A Hauck No. 781 combination proportioning oil-gas burner was provided 
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Figure 16. Primary air preheater. 
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for heating, using natural gas, and was installed as shown in Figure 1?. 
This burner had an air capacity of from 800 to 1000 cubic feet per hour. 
The primary air was provided by a two horsepower Allen Billmyre blower 
capable of delivering 110 cubic feet per minute at 1.5 pounds per square 
inch. The air from the blower was introduced into the preheater and from 
it into the burner through a 2 inch pipe. 
The burner was mounted so that it could be tilted out for inspection 
and ignition. 
The flue gases were discharged from the air preheater through 4 inch 
galvanized ducting. The gases could be exhausted directly to the atmos­
phere or circulated through the rotary drier and then exhausted. A 2 inch 
by 3 1/2 inch orifice meter and a venturi type steam ejector were installed 
in the exhaust stack. The steam to the ejector could be adjusted to vary 
the draft on the furnace. Gage pressures down to -32 cm. mercury could be 
obtained in the stack directly below the ejector. 
A high velocity water quench was provided under the tap hole. This 
consisted of 5 inch pipe (4 feet long) with a spray head containing 37 
1/8 inch holes in one end. The product was collected in a settling basin 
from which the water was recirculated with a Yoeman centrifugal pump 
S.O. 22796. The completed furnace, including the feed hopper, is shown 
assembled in Figure 1?. 
Measurements and Analyses 
Pressure taps were located in the primary air line, gas inlet line to 
the burner, exhaust gas flue from the furnace, exhaust stack and at the 
Figure 1?. Assembled pilot plant fusion furnace and accessories. 
Figure 18. Pilot plant instrument panel. 
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orifice plate. These pressure taps were connected to the manometers shown 
in Figure 18 by copper tubing. The manometers contained either water or 
mercury depending on the magnitude of the pressure difference measured. 
Chrome!-alumel thermocouples were located on the outer surface of the 
hearth section, in the gas stream at the orifice meter and in the primary 
air stream. The voltage generated by these thermocouples was measured 
along with that from the thermocouples in the drier by a Leeds Northrup 
potentiometer. Hearth, feed and melt temperatures were measured with a 
Leeds Northrup optical pyrometer through the various observation ports and 
by direct sighting on the molten stream as it flowed from the furnace. 
The feed and product were analyzed in the same manner as previously 
described for the laboratory materials. Carbon dioxide, oxygen and carbon 
monoxide in the flue gas were determined, with an orsat apparatus using 
potassium hydroxide, alkaline pyrogallol and cuprous chloride respectively 
as the absorbing materials. 
The dust content of the flue gas was estimated by drawing a measured, 
volume of gas through an impinger absorption flask containing distilled, 
water. The absorption mixture was subsequently evaporated to dryness and 
the residue weighed. The sampling rate was approximately 4 cubic feet per 
hour. 
Sulfur dioxide in the flue gas was estimated by passing the gas through 
a Fisher-Milligan gas washer containing a sodium carbonate solution. The 
carbonate was subsequently destroyed and the sulfate determined gravimetrl-
cally. The sampling rate was approximately 4 cubic feet per hour. 
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Materials 
The materials used were essentially the same materials that were used 
in the laboratory. The chemical analyses of the phosphate rock and gypsum 
are given in Table 1. The screen analysis of the ground phosphate rock also 
appears in Table 1. The screen analysis of the gypsum used in the pilot 
plant and the screen analysis of the unground phosphate rock used in the 
pilot plant are as follows: 
Per cent 
Screen size Qypsum Phosphate rock 
+3 0 8.1 
-3+8 2.6 19.5 
-8+14 19.5 34.0 
-14+28 14.5 18.1 
-28+48 15.0 7.2 
-48+100 18.5 6.8 
-100+200 12.0 2.7 
-200 18.0 3.5 
In addition to mineral gypsum from the United States Qypsum Company, 
commercial plaster of Paris and by-product gypsum from the manufacture of 
phosphoric acid were used. The plaster of Paris was obtained from Certain-
teed Products Corporation, Ardmore, Pennsylvania. It passed a 100 mesh 
screen and was used as received. The by-product gypsum was the same 
material that was used in the laboratory and is described on page 48. As 
received, the by-product gypsum was damp and contained many clods. It was 
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air dried and passed through a 20 mesh screen before use. 
Operating Procedure 
The raw materials were dry mixed or agglomerated before being 
introduced into the furnace. It quickly became evident, however, that 
agglomeration was essential for satisfactory furnace operation. 
For adequate agglomeration, approximately 30 per cent of the total 
gypsum for a given batch had to be calcined to the hemihydrate. This was 
done either in the rotary drier or in a cabinet drier. Considering the 
relatively small amount of feed mixed, cabinet calcination was preferred. 
After calcination, the dihydrate, hemihydrate and the phosphate rock 
were intimately mixed in a cement mixer. Water was then added slowly so 
that balls would form. After some experience in the operation it was 
found that about 80 per cent of the charge could be agglomerated into balls 
ranging from 1/2 inch to 2 inches in diameter in about 10 minutes. The 
agglomerated charge was screened on a 1/2 inch screen and the undersize 
was recycled to the mixer. Additional dry feed was added and the operation 
repeated. The agglomerates were almost spherical, very firm, and became 
hard in about 15 minutes due to the rehydration of the hemihydrate. It was 
necessary, however, to spread the agglomerates on the floor and allow them 
to dry for several days before use in the furnace. Using this procedure 
one operator could agglomerate about 100 pounds of feed per hour. 
Before charging the furnace it was necessary to preheat the system for 
from 2 to 3 hours. The start up procedure was as follows : 
1. The primary air blower was turned on and the air flow to the 
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burner was reduced, to the minimum by closing the butterfly 
valve in the air line. 
The steam ejector in the exhaust stack was adjusted to give 
a slight draft on the furnace. 
The burner was tilted out of the furnace and a torch applied 
near the burner face while the gas was slowly turned on. It 
was necessary to maintain a very low combustion rate while 
the furnace was cold in order to keep the burner lighted. The 
initial gas rate was about 4 cubic feet per minute, and over a 
period of approximately 2 hours, it was increased to 8 cubic 
feet per minute which was the maximum rate. During this time 
corresponding increases in the primary air rate were necessary 
as well as adjustments on the steam ejector to maintain sufficient 
draft. 
After the maximum combustion rate was attained, orsat analyses 
were made on the flue gases to determine if an oxidizing atmos­
phere was present in the furnace. If not, the air and gas rate 
were adjusted until no CO was detectable in the exit gases. 
The draft on the furnace was adjusted so that a tongue of flame 
6 inches to 10 inches long appeared at the tap hole. The design 
of the furnace was such that a flame would not appear at any of 
the other ports and consequently they were left open at all times. 
The jacket water spray and the quench water were turned on and 
the feed was placed in the hopper. 
After the temperature of the hearth had been maintained at 
approximately 2500°F. for 30 minutes, feeding was started. This 
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usually occurred from 3 to 3 1/2 hours after initial ignition. 
Charging was accomplished by opening the slide valve at the feed 
hopper and allowing the feed to fall in to the furnace. Feed was 
introduced until the feed inlet pipe was completely full and the 
slide valve could be left open. Arrangement (a) in Figure 19 
illustrates this condition. 
Molten product usually appeared about 20 minutes after initial feeding. 
As the melt flowed from the furnace, it was quickly shattered, quenched and 
collected in a basket in the settling basin. The size of the stream of 
liquid product varied but in normal operation it was slightly larger in 
diameter than a common lead pencil. Feed was added as needed. It was 
usually necessary to push the feed toward the front of the furnace about 
every 15 minutes. This was accomplished by inserting a rod through the feed 
duct or through the observation port in the capped end of the furnace. 
Various temperature and pressure readings were taken as previously 
described and recorded about every 30 minutes. Samples of product were 
taken throughout the run by holding a small screen under the quench dis­
charge. Gas samples were taken periodically. 
The product was removed from the basket in the settling basin from 
time to time and dried in a cabinet drier. The amount of product was not 
sufficient to warrant use of the rotary drier. 
Shut down was accomplished by closing the gas valve, the primary air 
valve, steam valve to the ejector, and the water valves to the jacket and 
quench water. 
After the furnace had cooled, usually requiring fi*om to 24 to 48 hours, 
the end cap was removed and the remainder of the feed and partially fused 
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product was completely removed in preparation for subsequent runs. 
Experimental Results 
Fusions with mineral gypsum 
Eleven furnace runs were made using various charge mixtures and differ­
ing charging arrangements. Four runs were made using dry mixed feed and 
the remainder were made using agglomerated feed. The size of the agglomer­
ates varied from 1/2 inch to 2 inches in diameter. Table 10 summarizes 
the operating data and product analyses for these 11 runs. 
The feed for the first run was prepared by mixing 74.5 parts gypsum 
with 25.5 parts unground phosphate rock without any other treatment. It 
was charged to the hot furnace in the manner shown in Figure 19(a). Molten 
material appeared at the tap hole approximately 17 minutes after initial 
feeding. The initial product was quite fluid but as the run progressed 
the material became more viscous and it frequently froze solid in the tap 
hole. The frozen material could be removed by inserting a rod through the 
observation port directly above the tap hole, but after about 9° minutes it 
was no longer possible to keep the tap hole open, consequently the run was 
terminated. The few pounds of glassy dark brown product obtained contained 
9.4 per cent citric acid soluble PgOy 
Inspection of the furnace showed extreme erosion in the bottom of the 
hearth where the refractory came in contact with the flowing melt. The 
extent of this erosion suggested that the product obtained must have con­
tained a considerable fraction of refractory material. 
The furnace was repaired by installing a 2 inch layer of Laclede 
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Table 10. Summary of data from pilot plant operation. 
& b Length Feed composition 
of Phosphate Temperature (°F.) Pressure 
run rock Qypsum Exit (cm. HgO) 
Run (hr.) (per cent) (per cent) Hearth Melt gas Furnace Stack 
1 6 30c 70d 2560 2350 - - - -
2 6 30e 70d 2550 2410 16 
3 6 30e ?0d 2640 - - 19 
4 5i 30e 70^  2500 2250 1472 36 
5 5| 33e 67  ^ 2500 2200 1500 0- 3  6 
6 5 33e 67f 2560 2400 - 0.2 31 
7 4 33e 67e 2570 - 1145 0.3 -6.8 
8 5 h h 2460 2380 1410 0.5 -4.1 55 
9 4§- 30e 708 2650 - 780 1.6 -16. 3  
10 6 30e 70e 2420 - 600 0.6 -27.2 221 
11 4§- 25e 75g 2600 2440 1100 0.6 -8.1 49 
I^ncludes warm up 
A^nhydrous basis 
cUnground rock 
%inus 1/8 inch gypsum 
eGround, rock 
C^ommercial plaster of Paris 
B^y-product gypsum 
mixture of feeds 5 and 6 
>peration. 
Product composition 
iture (°F. ) Pressure Total Avail. Availa­
Exit (cm. HgO) Product % % bility 
Melt gas Furnace > Stack (lb.) (per cent) (per cent) (per cent) 
2350 - - - - 9.4 9.4 100 
2410 - - - 16 9.3 9.4 (100) 
-
- - - 19 8.7 7.9 91 
2250 1472 - - 36 9.6 9.3 97 
2200 1500 0 - 36 10.0 10.0 100 
2400 
-
0.2 - 31 13.2 12.5 95 
-
1145 0.3 -6.8 - 14.5 10.2 70 
2380 1410 0.5 -4.1 55 12.4 10.8 87 
- 780 1.6 -16.3 - 13.6 12.0 88 
- 600 0.6 -27.2 221 11.6 11.0 95 
2440 1100 0.6 -8.1 49 10.1 9.4 93 
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chrome plastic refractory^  in the bottom portion of the furnace and firing 
for 3 hours at 2400°F. This basic reacting material was selected because 
it was felt that it would offer more resistance to the basic slag conditions 
existing in the furnace. 
The feed for run 2 was the same as for run 1. The action of the melt 
on the refractory was much the same as in the first run. Fused material 
was maintained in the furnace 90 minutes before shut down was again neces­
sary. The product differed from that of run 1 in that it was black and 
very hard. Only 16 pounds of material were obtained. It analyzed 9*3 per 
cent PgOy 
It was felt that perhaps the chrome refractory had not been fired 
properly before the run was started, therefore, the furnace was repaired 
as before but this time the refractory was fired at 2400°F. for 4 1/2 hours. 
Feed for run 3 was prepared in the same manner and with the same pro­
portion of rock and gypsum with one exception; ground phosphate rock (-100 
mesh) was used. Product was obtained approximately 25 minutes after initial 
feeding. In order to maintain a flow of product, it was frequently necessary 
to rod the feed pile by forcing a long rod through the feed hopper. This 
caused dust to blow out of the various observation ports as well as the tap 
hole. A total of 19 pounds of product was collected in 2 hours. The same 
difficulties occurred at the tap hole as occurred on previous runs and 
inspection of the furnace revealed the same extensive erosion of the re­
fractory. 
The refractory was not repaired for the succeeding runs, but a water 
M^anufactured by Laclede-Christy Clay Products Company, St. Louis, 
Missouri 
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spray was installed to cool the outer surface of the furnace hearth 
between the air preheater and the observation port directly above the 
tapping hole. This effectively blanketed the entire circumference of 
this section of the furnace with a film of water and reduced the temper­
ature on the surface of the furnace from 700°F. to room temperature. It 
had the effect of freezing a layer of the fused product on the lower in­
side surface of the hearth thus reducing erosion. The operation of the 
furnace was very satisfactory in subsequent runs, although the product 
from the first three subsequent runs had a very bright green color which 
was attributed to chromium from the refractory. Later, detectable erosion 
ceased. 
The feed for run 4 was similar to that of the previous runs and the 
product was collected for approximately 3 hours. When attention was 
given to rodding down the feed, a product rate of 15 pounds per hour 
could be maintained. The quenched product was light green, soft and 
granular. It had a citric acid soluble PgO^  content of 9.3 per cent. 
Although little erosion occurred during the run, an inspection of 
the exhaust flue showed a considerable collection of dust with a very 
high PgCy content. It was evident that a considerable quantity of phos­
phate dust was being lost and although there were no mechanical problems 
when unagglomerated feed was used, it was apparent that, in order to reduce 
the dust loss, agglomeration was necessary. All subsequent runs were made 
using feed agglomerated as previously described with the exception of run 5* 
The feed for this run was agglomerated without the use of any hemihydrate. 
The granules were soft and they disintegrated easily when charged to the 
furnace. The fused product from this run was satisfactory but due to the 
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low phosphate content (in relation to that of the feed mixture) it was 
evident that phosphate rock was still being lost out the stack. 
Commercial plaster of Paris was used instead of gypsum in run 6. This 
resulted in very hard agglomerates during the mixing and agglomeration. 
The damp mixture set up so rapidly that difficulty was experienced in keep­
ing the mixer free from the adherence of hydrated material to the inside 
surface. Because of this it was apparent that subsequent agglomerations 
should be made with only a portion of the total gypsum as the hemihydrate. 
Due to the rapid hardening of the granules the material appeared dry and 
was fed to the furnace without air drying. However, the moisture content 
was high enough to cause some difficulty in the furnace operation. Con­
siderable vaporization took place in the feed hopper and made feeding diffi­
cult. The high PgO^  content of the product indicated that considerable 
sulfate decomposition took place. Because of this decomposition and the 
fact that a two to one mixture of rock to CaSO^  was used, the molten 
product was very viscous and tended to freeze in the tap hole. The 
product analysis showed 12.5 per cent available PgOg which was superior 
to any product previously obtained. 
In order to increase the rate of production the method of charging the 
furnace was changed. On previous runs the feed was introduced into the 
furnace as shown in Figure 19(a). Using this arrangement considerable heat 
was lost in the flue gases and most of the heat transfer to the charge was 
accomplished by radiation. The exhaust gases had temperatures up to 1500°F. 
using this arrangement. The air preheater was modified as shown in Figure 
20 and the feed was introduced into the furnace as shown in Figure 19(b). 
This had the net effect of utilizing more of the heat energy of the furnace 
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Figure 20. Primary air and feed preheater. 
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by preheating the feed. It increased the production rate and reduced the 
exit gas temperature to approximately 600°F. This arrangement introduced 
other complications however. The feed had a tendency to melt in the pre­
heater causing plugging but this was easily remedied by frequent rodding 
through the hopper. 
Runs 8 and 10 were made using the charging arrangement in Figure 19(b). 
The capacity and consequently the heat economy were greatly increased. Feed 
for run 8 consisted of 68 parts dehydrated gypsum and 32 parts rock. A 
product having an 87 per cent PgO^  availability was obtained at the rate 
of 36 pounds per hour. Feed for run 10 contained 70 parts dehydrated 
gypsum and 30 parts rock. A product having a PgO^  availability of 95 per 
cent was obtained at a rate of 75 pounds per hour. The operation during 
this run was very satisfactory and product flowed continuously from the 
furnace without freezing in the tapping hole. Two hundred twenty pounds 
of white, soft, granular product containing 11.6 per cent PgO^  were obtained. 
It contained 11.0 per cent citric acid soluble PgOg and 7»4 per cent PgO^  
soluble in neutral ammonium citrate. Also present were 33'0 per cent 30^ , 
47.7 CaO and 0.97 per cent fluorine. Ninety seven per cent of the quenched 
product passed an eight mesh screen. 
Measurements of dust and S0^  in the flue gas for run 10 indicated that 
the gas contained 0.27 per cent S0^  and 0.13 grams of dust per cubic foot. 
Natural gas with heating valve of 990 Btu per cubic foot was used at 
the rate of 8.1 cubic feet per minute. The exhaust gas flow was estimated 
to be 5,300 cubic feet per hour at standard conditions. 
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Fusions with by-product gypsum 
Runs 71 9 and 11 were made using by-product gypsum from manufacture 
of phosphoric acid. Run 7 was made using the feeding arrangement shown in 
Figure 19(a) and runs 9 and 11 were made using the feeding arrangement shown 
in Figure 19(b). 
Runs 7 and 9 were made using minus 200 mesh phosphate rock and dehydrated 
gypsum in a ratio of 3:7 respectively. The furnace was found to be essential­
ly inoperable. Considerable decomposition took place as evidenced in the 
fact that the exit gases of run 9 contained 0.55 per cent SO^ , twice as 
much as when mineral gypsum was used. Rirther evidence of this decomposi­
tion was the high PgO^  content of the product. The product obtained was 
actually raked from the furnace because the melt was so viscous and was 
bubbling so violently that it would not flow of its own accord. The product 
from run 7 (availability 70 per cent) was definitely inferior to material 
made with mineral gypsum but the product from run 9 was somewhat better and 
approached the quality of the optimum product. It contained 13.6 per cent 
PgO^  of which 88 per cent was soluble in 2 per cent citric acid. 
Run 11 was made using feed containing 75 per cent dehydrated by-product 
gypsum and 25 per cent unground phosphate rock. The material was agglomer­
ated as previously described and fed to the furnace after drying. The 
product flowed at a slower rate than when using mineral gypsum and con­
siderably more foaming took place. The melt had a tendency to carry over 
unfused portions of the feed even though the temperature of the furnace was 
on an average 100 degrees higher than when mineral gypsum was used. The 
quenched product was a brownish-green glassy material containing some un­
fused material. It contained 10.1 per cent PgO^ , 94 per cent of which was 
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soluble in 2 per cent citric acid. Ninety per cent of the phosphate was 
soluble in neutral ammonium citrate. 
It was apparent that a furnace designed for a temperature about 200 
degrees higher and with a longer residence time for the melt would be 
necessary for the optimum operation using this material. It was conclusive­
ly demonstrated however that this material is satisfactory as an addition 
agent for fused phosphate fertilizer. 
Pilot Plant Evaluation 
The gypsum-phosphate rock fusion process was demonstrated to be 
feasible in the pilot plant and a product was obtained having high P^ O^  
availability. It was also demonstrated that a horizontal fusion furnace 
was satisfactory for this fusion process and that some of the operational 
difficulties experienced with a shaft furnace did not appear. The product 
had excellent physical properties. It was granular, chalk white, and quite 
soft when mineral gypsum was used. When by-product gypsum was used the 
operation of the furnace was more difficult due to the increased melting 
point resulting from excessive decomposition of the gypsum. The product 
from the by-product gypsum fusions was hard, vitreous, and somewhat yellow 
in color, and the phosphorus content was somewhat lower than when mineral 
gypsum was used. Its neutral ammonium citrate solubility was higher, how­
ever. 
The refractory furnace linings used were not entirely satisfactory. 
Neither the chrome plastic nor the silica clay refractory withstood the 
corrosive properties of the melt. However, by cooling the jacket the 
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corrosion was eliminated in the lower portion of the hearth. It appeared 
that an alumina-silica refractory with a pyrometric cone equivalent of 31 
would be satisfactory for the upper portion of the furnace but for the 
region in contact with the melt cooling coils in the refractory would be 
required. 
The data and experience obtained from the pilot plant operation 
indicated that a process such as shown by the flow sheet in Figure 21 
would be feasible for manufacture of an 0-11-0^ fertiliser. Phosphate 
rock would be unloaded from hopper cars and stored in piles from which the 
gypsum would be reclaimed, ground and calcined to remove one quarter of the 
water of hydration. The calcined gypsum and crude phosphate rock would then 
be proportioned to an agglamerator and the fines recycled. Material from 
this operation would then be fed to a horizontal furnace and the melt 
quenched and dried. The product would be sold either in granular form or 
ground to minus 80 mesh. It is estimated that the fixed capital investment 
would be $400,000 for a plant producing 200 tons per day if storage space 
were provided for one week's supply of raw material and one week's produc­
tion. This estimate is summarized in Table 11. 
A production cost was estimated for a 200 ton per day plant operating 
250 days per year. The pilot plant required 13,000,000 Btu per ton of 
product, of which 5.000,000 Btu were estimated to be lost in the hot ex­
haust gases. In addition, radiation losses would be expected to be high 
due to the «man size of the pilot plant unit. It is believed that in a 
^Fertilizer materials are classified according to their nitrogen, PgO^ 
and KgO content. 0-11-0 would be material containing 0 per cent N, 11 per 
cent P2O5 and 0 per cent K2O. 
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Figure 21. Proposed flow sheet for a fused gypsum-phosphate fertilizer plant. 
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Table 11. Fixed capital coat estimate for a fused gypsum phosphate 
fertilizer plant. 
Basis: 250 days per year 
24 hours per day 
200 tons per day 
Location: Midwest 
Item Installed cost 
1. Land and improvements $ 10,000 
2. Process building and storage 90,000 
3. Process equipment 
Materials handling 
Dryers and agglomerator 
Fusion furnace and accessories 
90,000 
45,000 
25,000 
4. Service facilities 10,000 
5. Contingencies (15 per cent) 40,500 
6. Taxes and insurance (2 per cent) 6,200 
7. Contractor's profit (10 per cent) 31.600 
8. Overhead (15 per cent) 51,700 
Total $400,000 
production size unit the 5.000,000 Btu could be recovered and that other 
losses would be less. The heat required for fusion was therefore assumed 
to be 6,000,000 Btu per ton. This compares favorably with estimates of 
previous investigators (4). It was also estimated that seven men on the 
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day shift and four men each on the other two shifts would be sufficient for 
the operation of this size plant. 
The cost estimate presented in Table 12 indicates a product cost of 
$13.70 per ton for a plant using mineral gypsum located at Fort Dodge, Iowa. 
The production cost for a plant using by-product gypsum located near 
a wet process phosphoric acid plant would be approximately $10.10 per ton 
as indicated in Table 13. 
The present selling price of granular superphosphate in the midwest 
is approximately $1.50 per unit. Assuming a selling price for the fused 
gypsum-phosphate material of $1.36 per unit, a return on investment of 
2.9 per cent is indicated for the plant using mineral gypsum and a return 
of 8.4 per cent for the plant using by-product gypsum. This comparison is 
presented in Table 14. These estimates are based on consumer acceptance 
of the product and the assumption that a 200 ton per day production could 
be sold in the immediate consumer area. 
While the production of fused gypsum-phosphate using mineral gypsum 
might be competitive with superphosphate production, the comparative 
economic advantage is not presently great enough to engender a large scale 
or immediate acceptance of the process in the United States. Changing 
economic conditions in agriculture could and probably will have some effect 
on the interest of the fertilizer industry in this process. In other parts 
of the world where gypsum is plentiful and Frasch sulfur is nonexistent, 
this process would have a definite economic advantage over the superphos­
phate process. 
The fused gypsum-phosphate process using by-product gypsum has certain 
advantages in the United States, however. The large quantities of gypsum 
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Table 12. Production cost estimate for fused gypsum-phosphate fertilizer 
plants using mineral gypsum. 
Basis: 1 ton of product (0-11-0) 
250 operating days per year 
24 hours per day 
200 tons per day 
Location: Fort Dodge, Iowa 
Cost 
Unit per ton 
Quantity cost of product 
Raw materials 
Qypsum O.96t $ 3.60 $ 3.44 
Phosphate rock 0.32T 16.50s 5 « H  
$1T33 
Direct conversion expense 
Water 1000 gal. 0.02/m.gal. $ 0.02 
Natural gas 6000 cf. 0.30/m.cf. 1.80 
Power 20 KWH 0.01 0.20 
Direct labor 0.60 M.H. 2.00 1.20 
Maintenance (5$ of fixed capital per year) 0.40 
$3732 
Indirect conversion expense 
Depreciation (10$ fixed capital per year) $ 0.80 
Taxes and insurance (10$ of direct labor) 0.12 
Overhead (50$ direct labor) 0.60 
$ 1.52 
Total production cost $13*70 
I^ncludes freight at $11.00 per ton 
86 
Table 13. Production cost estimate for a fused gypsum-phosphate 
fertilizer plant using by-product gypsum. 
Basis: 1 ton of product (0-9-0) 
250 operating days per year 
24 hours per day 
200 tons per day 
Location: Joplin, Missouri 
Cost 
Unit per ton 
Quantity cost of product 
Raw materials 
By-product gypsum 1.12T $ 0.00 $ 0.00 
Phosphate rock 0.30t l6.50a 4.96 
$ 4.96 
Direct conversion expense 
Water 1000 gal. 0.02/m.gal. $ 0.02 
Natural gas 6000 cf. 0.30/m.cf. 1.80 
Power 20 KWH 0.01 0.20 
Direct labor 0.60 M.H. 2.00 1.20 
Maintenance (5$ of fixed capital per year) 0.40 
Indirect conversion expense 
Depreciation (10$ fixed capital per year) $ 0.80 
Taxes and insurance (10$ of direct labor) 0.12 
Overhead (50$ direct labor) 0.60 
$ 1.52 
Total production cost $10.10 
aIncludes freight at $11.00 per ton 
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Table 14. Estimated return on investment for fused gypsum-phosphate 
fertilizer plants using mineral gypsum and by-product gypsum. 
Mineral 
gypsum 
planta 
By-product 
gypsum 
plant 
Product 0-11-0 0-9-0 
Annual sales (tons) 50,000 50,000 
Annual sales (dollars) $750,000° $625,000d 
Annual production cost 685,000 510,000 
Gross profit $ 65,000 $115,000 
Selling and administrative expenses 
(5 per cent of total sales) 37,500 31.250 
$ 28,500 $ 83,750 
Income tax (50 per cent) 14,250 41,875 
Net earnings $ 14,250 $ 41,875 
Return on investment® (per cent) 2.85 8.35 
aLocated at Fort Dodge, Iowa 
L^ocated at Joplin, Missouri 
o Assuming a selling price of $15.00 per ton 
A^ssuming a selling price of $12.50 per ton 
®Fixed capital at $400,000; working capital at $100,000 
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produced in the manufacture of phosphoric acid create a definite disposal 
problem. It is not suitable for use as building material and other uses 
have not heretofore been found. The utilization of this by-product gypsum 
in a fused phosphate fertilizer process might improve the economic aspect 
of phosphoric acid manufacture as well as provide a profitable method of 
disposal of this troublesome by-product. 
Product Evaluation 
Because of the basic property of the fused gypsum-phosphate product 
and its generally low PgO^  availability in neutral ammonium citrate, the 
product would be best suited for application to acid soils. Good plant 
response would not be expected if the product were applied to neutral or 
basic soils. Its lack of water soluble PgO^  makes it unsatisfactory as a 
starter fertilizer. This lack of water soluble PgO^  would have the ad­
vantage of reducing PgO^  loss by leaching if the product were used on soils 
of low anion exchange capacity. The low PgO^  content suggests that bulk 
spreading would have the greatest application. In order to obtain an 
even distribution of the nutrient in bulk spreading low analysis materials 
are usually desired. Since the product is nonhygroscopic it could be 
shipped and spread when weather conditions might prohibit the shipment and 
application of conventional fertilizers. 
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PRODUCT STRUCTURAL CONSIDERATIONS 
In previous work (22) products resulting from the fusion of phosphate 
rock and addition agents have been characterized as glasses^ . The large 
amount of sulfate in the gypsum-phosphate fused product, however, seemed to 
indicate a structure which could not be glassy. A study of the molecular 
structure of this product, as well as some of the other alkaline earth 
fused products, was undertaken by using X-ray diffraction techniques in con­
nection with the chemical analyses. 
For this study the product from pilot plant run 10 was used. It was 
analyzed for calcium, sulfate, phosphate and fluorine by the methods 
previously described. In addition, the material was leached with water 
and the residue leached with 2 per cent citric acid. The extracts and 
residues of these operations were also analyzed for the four constituents 
named above. The results of these analyses are presented in Table 15. 
Powder X-ray diffraction patterns were made of the product using a 
General Electric X-ray diffraction unit No. XRD5. Copper Kot radiation 
was used with a nickel filter. The samples were ground to minus 200 
mesh, mounted in an aluminum boat and placed in a vertical position in 
the X-ray apparatus. The samples were scanned at 2 degrees per minute 
using a 3 degree beam slit, an M.R. soller slit, a 0.2 degree detector 
slit with a line source of radiation. The time constant was 3 seconds 
and the angle of the incident beam was 4 degrees. The intensity of the 
diffracted rays was determined with a Geiger counter and was recorded on 
A^n amorphous state characterized by nonequilibrium conditions and 
high configuration energies (18). 
Table 15. Composition of fusion product of pilot plant run 10. 
Fusion product 
Water leached 
fusion product 
Citric 
soluble 
acid 
fraction 
Component Species 
Moles 
per 100 g. 
Weight 
per cent 
Moles 
per 100 g. 
Weight 
per cent 
Moles 
per 100 g. 
Weight 
per cent 
po4 0.15 14.7 0.24 22.5 0.24 22.6 
CaO 0.85 47.7 0.99 55.7 0.96 53.7 
SOj  0.41 33.0 0.26 20.6 0.28 22.8 
F 0.051 0.97 0.078 1.48 0.064 1.21 
Apatite 0.025 25.2 0.039 39.3 0.040 40.0 
CaSQtj, 0.41 55-7 0.26 35.1 0.28 38.6 
CaO 0.19 10.6 0.35 19.4 0.28 15-7 
F* +0.001 0.02 
-
- -0.016 
-0.3 
Other 8.5 6.2 6.0 
aExcess (or deficiency) of fluorine over that required for the apatite structure 
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a strip chart moving; at 1 inch per minute. These charts are presented in 
Figures 22, 23 , 24, 2.5 and 26. The recordings were made linearly and, 
except for the gypsum pattern, the recorder was set at 2000 cps for a full 
scale reading. The gypsum patterns were recorded using 5000 cps as a full 
scale reading. 
The observations made as a result of the X-ray examinations and the 
analytical work are summarized as follows: 
1. The X-ray diffraction pattern, Figure 24, of the product 
resulting from the fusion of gypsum and phosphate rock, in 
a ratio of 7 parts of dehydrated gypsum to 3 parts of rock 
indicated a crystalline structure with diffraction lines 
peculiar to the apatite structure and to the two crystalline 
forms of CaSQz*. The apatite lines however were displaced 
approximately 0.2 degree and when Bragg1 s equation^  
n  A  - 2 d  s i n  6  
was used to determine the d spacings it was found that they 
O 
were approximately 0.02 A larger than for phosphate rock. 
Figure 25 shows the pattern of a fused product in which 
excess gypsum was used. This pattern shows an even greater 
displacement of the apatite lines, as well as a weakening in 
their intensity. 
2. The X-ray diffraction pattern of a product of the fusion of 
In Bragg1s equation n is the order of reflection, A. is the wave 
length of the incident beam, 0 is 1/2 the angle shown on the strip chart 
and d is the distance in A between diffracting planes in the crystal 
Figure 22. X-ray diffraction pattern of phosphate rock. 
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Figure 23- X-ray diffraction pattern of calcined gypsum. 
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Figure 24. X-ray diffraction pattern of a fused gypsum-phosphate. 
Fusion mixture was composed of 7 parts dehydrated 
gypsum and 3 parts phosphate rock. 
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Figure 25. X-ray diffraction pattern of a ftised gypsum-
phosphate. Fusion mixture was composed of 
8 parts dehydrated gypsum and 2 parts phosphate 
rock. 
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Figure 26. X-ray diffraction pattern of a ftised magnesium 
sulfate-phosphate. Fusion mixture was composed 
of 9 parts magnesium sulfate and 11 parts phosphate 
rock. 
101 
-î 
ON 56-3 (. 
ANGLE OF REFLECTION (2 
3( 
24 22 
OF REFLECTION (20) 
102 
MgSOjj, and phosphate rock does not give the characteristic 
apatite lines. This pattern is given in Figure 26. The 
mole ratio of MgSO^  to was 2.8 in this fusion, whereas 
the ratio of CaSO^  to PgO^  in the gypsum fusion was 7*3» 
The phosphate in both the MgSO^  fusion and the GaSO^  fusion 
was completely soluble in 2 per cent citric acid and to a 
lesser degree soluble in neutral ammonium citrate. 
3« The chemical analyses show that the molar quantities of 
fluorine and PO^  were in the same relation as they are in 
the theoretical apatite structure. This is true after the 
excess gypsum was leached out. However, when the water 
leached residue was treated with 2 per cent citric acid 
only 80 per cent of the fluorine dissolved. It should 
also be noted that more fluorine is present in phosphate 
rock than is necessary to form the apatite unit cell. 
Therefore, it would appear that the gypsum-phosphate fusion 
process removes only that fluorine not associated with the 
apatite structure. 
4. The chemical analyses also show that the molar quantities 
of citric acid soluble P0^  and water insoluble S0^  in the 
water leached residue are nearly equal, being 0.24 and 0.26 
respectively. Further evidence of this relationship was 
found when fusion P9 was leached with water. This product 
differed from P10 in two respects. 
a. The fusion mixture consisted of phosphate rock and 
by-product gypsum rather than phosphate rock and 
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mineral gypsum as was the case in fusion 10. 
b. A greater amount of sulfate decomposition took 
place during fusion resulting in a product con­
taining 13.6 per cent PgO^  rather than U.6 per 
cent as was the case in run 10. The analysis of 
the water leached residue from fusion P9 was as 
follows: 
Weight 
per cent Moles 
Total P205 14.9 
Soluble PgO^  12.8 
Soluble P04 17.1 0.180 
SO3 14.6 0.182 
Here again the mole ratio of water insoluble sulfate 
to citric acid soluble P0^  was approximately one. 
These observations suggest the possibility of several effects of the 
addition agent on the apatite structure. 
Due to the decomposition of the addition agents and the resultant 
evolution of SOg, it is evident that basic conditions exist in the molten 
slag. It is possible that the greater the decomposition, the greater the 
basic attack on the apatite with the consequent destruction of the apatite 
structure and freeing of the phosphates. Alkali sulfates do not readily 
decompose at the temperatures required in this fusion process, therefore 
basic attack would not occur to a large degree. The fact that alkali 
sulfates are not effective as addition agents is evidence of a lesser 
attack or rupture of the apatite. Comparison of the decomposition 
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pressures of MgSO^  and CaSO^  lends further support to this type of action 
by the addition agent. MgSO^  has a decomposition pressure of 60 mm. of 
mercury at 1830°F. whereas CaSO^  must be heated to 2510°F. before its 
decomposition pressure reaches 60 ram. The greater tendency to deconpose 
would account for the superiority of MgSO^  over CaSO^  as an addition 
agent. 
Since the magnesium ion is much smaller than the calcium ion, an 
atomic size effect may be responsible for the different behavior. The 
magnesium ion, being smaller, may more readily penetrate the apatite 
lattice and cause its destruction. This rupture of the apatite lattice 
apparently does not take place in the case of the calcium sulfate fusions. 
Another effect of the small size of the magnesium ion may be a substitution 
for a calcium ion in the apatite network on quenching. This large size 
discrepancy could cause a distortion in the network with the resulting 
loss of the diffraction planes. The replaced calcium would then associate 
with the SQtj, groups forming calcium sulfate. Referring to Figure 26 and 
comparing with Figure 23 it can be seen that, in fact, characteristic 
anhydrite diffraction lines do appear in the X-ray diffraction pattern of 
fused phosphate rock and magnesium sulfate. 
The third possibility is that of isomorphous substitution in the 
apatite lattice. This is possible because of the similarity in atomic 
size of oxygen ions and fluorine ions, and also because of the similarity 
of sulfate and phosphate tetrahedra. Because of the nearly stoichiometric 
quantities of fluorine present in the fused product, the substitution of 
0 for F seems unlikely. However, the substitution of sulfate tetrahedra 
for phosphate tetrahedra seems probable. Certain naturally occurring 
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calcium minerals containing S0^  and SiQ^  as well as PO^  have the apatite 
structure. McConnell (32, 33) studied the mineral ellestadite among 
others. An X-ray diffraction pattern of this mineral is presented in 
Table 16 along with similar information on apatite and fused gypsum-
phosphate. 
Ellestadite contains S0^  groups and SiOjj, groups in almost equal 
amounts as replacements for P0^  groups. Similar diffraction planes occur 
in both fluorapatite and ellestadite with a difference in the d spacings 
O 
of about 0.03 A. This is comparable to the d spacings shift obtained in 
the gypsum-phosphate fusion process. Such evidence suggests the possi­
bility of tetrahedra substitution occurring in the fusion process. 
In summary, it is suggested that many modes of action occur in the 
fusion process leading to the solubility of the phosphate. However, it 
is felt that in magnesium sulfate fusions the size of the magnesium plays 
the dominate role in the destruction of the apatite lattice and the re­
sulting solubility of the phosphate. In the CaSO^  fusions the action 
seems less well defined. It would appear that a stable phase results 
from the fusion process having P0^  groups and SO^  groups in a one to one 
ratio. Assuming that fluorapatite is present this would correspond to a 
phase with the stoichiometiy, Ca-^ jFg ( PO4 ) 5 * 6CaS0^  9Ca0 and with additional 
amounts of impurities. It cannot be definitely stated that the nine moles 
of CaO are associated with the apatite and sulfate but evidence exists to 
indicate an association of the calcium sulfate and apatite. The resultant 
solubility of the PgO^  could be due to random substitution between the two 
compounds or due to a solid solution of the two materials resulting in a 
weakening of the structural bonds. 
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Table 16. Principle X-ray diffraction lines of various apatite 
compounds. 
Fused 
Phosphate rock gypsuro-phosphatea Fluorapatite*3 Ellestadite^  
I d(A) I d(A) I d(A) I d(A) 
10 2.800 10 2.815 10 2.798 10 2.845 
5 2.702 4 2.715 6 2.702 6 2.7)0 
4 3.^ 58 4 3.460 2 3.432 3 3.452 
3 2.632 2 2.640 3 2.616 3 2.647 
aApatite lines only 
D^ata reported by McConnell (33) 
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CONCLUSIONS 
1. A process was developed in which phosphate rock is fused with 
mineral or by-product gypsum and subsequently quenched in a 
high velocity water spray to produce a product having high P2O5 
availability. The process does not require the complete removal 
of fluorine. 
2. The fusion of 7 parts dehydrated gypsum and 3 parts phosphate rock 
containing 33*8 per cent was shown to be the optimum mixture 
and resulted in a product containing 11.6 per cent total PgO^ , 
33 per cent SO3, 47.7 per cent CaO and O.97 per cent fluorine. 
At least 95 per cent of the PgO^  was soluble in citric acid. 
3. The quenched product was upgraded by leaching with water. This 
resulted in a weight loss of 30 per cent, «n of which was calcium 
sulfate, and a citric acid soluble PgO^  content of 16.8 per cent. 
4. The addition of the potassium containing materials, such as, lang-
beinite, glaserite, and potassium chloride, to the fusion mixture 
were shown not to be beneficial to the process and, in fact, re­
sulted in products inferior to products of fusions with gypsum 
alone. 
5. Magnesium sulfate fusions with phosphate rock resulted in a product 
containing 21 per cent citric acid soluble PgO^ . The amount of 
addition agent required to give a product with high PgO^  availability 
when both magnesium sulfate and calcium sulfate are used can be 
represented by the following mole ratio: 
a CaO + MgO = Z 9 
P,0, 
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The cations referred to are those contributed by the addition agents. 
Using mineral gypsum as the addition agent the product was manu­
factured successfully in a horizontal gas fired fusion furnace at a 
rate of 75 pounds per hour. 
An economic evaluation of the process using mineral gypsum indicated 
that a total capital investment of $500,000 would be necessary to 
construct a plant to produce 200 tons of 0-11-0 phosphate fertilizer 
per day. The material could be manufactured for approximately 
$13.70 per ton with a resulting return on investment of 2.9 per 
cent, assuming a product selling price of $15.00 per ton. 
By-product gypsum from phosphoric acid manufacture was used success­
fully as an addition agent in this process but due to greater decom­
position of the gypsum on fusion it was necessary to use 3 parts 
dehydrated gypsum to 1 part rock to maintain a melting point low 
enough for operation. The resulting product contained 9*4 per cent 
citric acid soluble PgO^ . 
An economic study of the process using by-product gypsum showed that 
the product could be produced for $10.10 per ton with a resulting 
return on investment of 8.4 per cent, assuming a product selling 
price of $12.50 per ton. 
X-ray studies made on the optimum product, along with chemical 
analysis, suggested that the fusion process using CaSO^  resulted in 
a substitutional solid solution of apatite and CaSG^  whereas a process 
using MgSO^  resulted in the complete destruction of the apatite lattice. 
It is proposed that the resulting soluble phosphate phase has the 
stoichiomertry CaioFgCPO^ ,)^  - 6CaS0^ *xCa0 where x is equal to or less 
than nine. 
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APPENDIX A 
ŒLaserite Fusions 
The double sulfate of sodium and potassium, a mineral called 
glaserite, was evaluated as a possible addition agent in a fusion 
process. This material has the advantage of a high potash content 
which would contribute to the value of a resulting fused phosphate 
fertilizer. 
Fusions using glaserite ( « NagSO^  ) were made using 20 gram 
charges containing from 65 per cent glaserite to 95 per cent glaserite 
by weight. These mixtures melted very easily in a furnace from 2200° 
to 2400°F. and the point of complete fusion was observed 105 seconds 
after the charges were placed in furnace. The point of complete fusion 
could be readily observed because the unfused portion invariably floated 
on the surface of the melt and when this unfused particle disappeared 
fusion was complete. The melt was very fluid and did not foam or bubble 
after fusion was complete. 
Considerable difficulty arose when these melts were quenched. Fusions 
which were removed from the furnace and quenched 15 seconds or more after 
complete fusion was observed exploded violently on contact with the quench 
water in almost all cases. If the charge was removed from the furnace and 
quenched immediately after complete fusion was observed, invariably no 
explosion occurred. In order to obtain enough sample for analysis, it was 
necessary to use a spray quench rather than a beaker quench. The spray 
quench did not reduce the violence of the explosions but it contained the 
explosions sufficiently so that a small amount of sample could be recovered. 
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Table 17 gives the results of these fusions in terms of total PgO^ , 
citric acid soluble PgO^ , and per cent availability. These results are 
very erratic in regard to total phosphate as well as availability. How­
ever, as the percentage of addition agent increases the availability does 
increase. These data are plotted in Figure 2? as per cent phosphate rock 
against per cent availability. The points are average availabilities of 
the fusions made at the various compositions. This plot indicates that 
high availabilities were attained when the fusion mixture contains 90 per 
cent or more glaserite. The optimum product would contain approximately 
4 per cent available P^ O^ . 
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Table 1?. Compositions of products made from mixtures of phosphate 
rock and glaserite. 
Product composition 
(per cent) % 
Glaserite Temperature Total Available Availability 
Fusion (per cent) °F. P2O5 p2°5 (per cent) 
541A 65 2100 (No recovery) 
541B 65 2200 21.4 6.9 32 
542A 70 2250 26.2 7.6 29 
542B 70 2200 . 17.8 6.85 39 
551A 70 2350 10.94 3.80 35 
551B 70 2465 9.69 3.42 35 
543A 75 2200 (No recovery) 
46 543B 75 2180 14.1 6.43 
552A 75 2460 7.53 4.50 60 
552B 75 2365 9.54 4.50 47 
544A 80 2200 11.9 5.77 49 
544B 80 2200 8.7 6.05 70 
553A 80 2415 5.04 4.15 82 
553B 80 2475 7.06 4.20 60 
545A 85 2250 7.7 5.34 70 
545B 85 2250 8.5 6.50 77 
554A 85 2355 5.37 3.70 70 
554B 85 2420 7.10 5.57 78 
546A 90 2200 (No recovery) 
546B 90 2175 (No recovery) 
555A 90 2400 4.43 4.27 95 
555B 90 2380 3.95 3.81 95 
547A 95 2.2 2.27 (100) 
54?B 95 - 2.4 2.4 LOO 
556A 95 2390 2.22 2.22 100 
556B 95 2390 2.38 1.81 77 
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Figure 27. Effect of charge composition on PgO^  availability of 
fusions of phosphate rock and glaserite. 
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APPENDIX B 
Polyhalite Fusions 
The potassium bearing mineral polyhalite (KgSO^ 'MgSO^ 'ZCaSO^ 'ZHgO) 
appeared to have certain advantages as an addition agent in the fusion 
process. It contains CaSOjj, and MgSO^ , both of which are satisfactory 
addition agents in a fusion process for production of phosphate fertilizer. 
It also contains KgSO^  which although not a satisfactory vehicle for making 
phosphate soluble would contribute a valuable plant nutrient to such a 
fusion product. This mineral is the most abundant (12) of the soluble 
potassium bearing minerals in the United States but at present is not 
being exploited. 
A sample was obtained from the International Minerals and Chemical 
Corporation, Chicago, Illinois. It had a KgO content of 15.85 per cent. 
It was ground to minus 80 mesh and 30 gram fusion mixtures were 
prepared containing from 60 to 80 per cent polyhalite and from 20 to 40 
per cent phosphate rock. 
The mixture fused quickly at a temperature near 2400°F., the melt was 
very fluid and the melt shattered well on quenching. The results of the 
phosphate analyses are presented in Table 18. The phosphate availabilities 
are plotted against charge composition in Figure 28. It is evident that 
although PgOij availability increases with an increase in polyhalite content 
the optimum product would not contain sufficient PgO^  to warrant its use as 
fertilizer. When the availability is 90 per cent the soluble PgO^  comprises 
on 7.6 per cent of the sample. 
Table 18. Composition of products made from mixture of phosphate rock and polyhalite. 
Total Available p2°5 
Polyhalite Rock Temperature P2O5 P2O5 Availability 
Fusion (per cent) (per cent) (°F.) (per cent) (per cent) (per cent) 
57-051 60 40 2455 14.4 6.2 43 
57-052 60 40 2375 14.6 5.2 35 
57-053 65 35 2370 12.2 6.6 54 
57-054 65 35 2340 12.5 6.1 49 
57-055 70 30 2350 11.2 7.9 71 
57-056 70 30 2335 10.4 7-7 74 
57-057 75 25 
57-058 75 25 2300 8.4 7.6 90 
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Figure 28. Effect of charge composition on PgOg availability of 
fusions of phosphate rock and polyhalite, 
